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its  value  be  accurately  measurable. 

Color,  turbidity,  light  conditions,  or  the  formation  of  pre- 
cipitates should  not  interfere  with  the  measurement.  The  result 
should  be  actual  acidity ,  unmodified  by  a  titrating  solution.  The 
means  for  making  the  measurement  should  be  capable  of  quick 
and  simple  operation. 
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THE  PROTOZOAN  FAUNA  OF  THE  SOILS  OF  NEW  JERSEY 

C.  R.  FELLERS  and  F.  E.  ALLISON 
Formerly  ai  the  New  Jersey  Agricultural  Experiment  Station 

Received  for  imblkatioo  December  2S,  1919 
INIKODUCnON 

Among  the  many  inhabitants  of  the  ''living  soil"  are  the  protozoa.  In 
this  study  other  microscopic  forms  of  life  such  as  the  algae  and  diatoms  are 
included.  Little  do  we  know  regarding  the  fimction  in  the  soil  of  these 
minute  organisms.  What  species  are  to  be  found  there  and  how  many  of 
each?  How  do  they  get  into  the  soil  and  what  is  their  mode  of  life  there? 
Does  their  presence  influence  or  affect  in  any  way  the  soil  microflora  and 
indirectly  soil  fertility  in  general?  Some  of  these  questions  have  been  studied 
from  several  angles  by  various  investigators  and  imfortunately  often  with 
contradictory  results.  The  past  decade,  however,  has  contributed  much 
valuable  knowledge  on  this  subject. 

It  is  not  the  authors'  intention  to  dwell  at  any  length  upon  the  literature 
of  soil  protozoa.  For  a  critical  survey  of  the  work  already  done  the  reader 
is  referred  to  the  admirable  review  of  Kopeloff  and  Coleman  (18).  Let  it 
suffice  to  say  that  there  has  been  to  date  no  moderately  thorough  published 
work  regarding  the  character  of  the  soil  microfauna.  This  problem  con- 
stitutes the  authors'  principal  thesis.  Naturally,  in  the  execution  of  such  a 
piece  of  work,  many  interesting  side-lights  were  encountered  and  studied 
more  or  less.  Among  these  may  be  mentioned  studies  on  methods  and 
media  for  culture  and  examination,  excystation,  reproduction  and  distri- 
bution of  the  soil  protozoan  fauna.  This  brief  report  embodies  the  main 
results  obtained  from  an  extended  period  of  research  and  observation  of 
nearly  two  years,  carried  out  on  many  soils  with  several  media  under  various 
methods  of  observation  and  study.  Most  of  the  soils  studied  were  examined 
several  times  at  different  seasons  with  the  use  of  several  media. 

Unless  one  has  had  much  experience  in  the  routine  examination  and  identi- 
fication of  plankton  organisms,  it  requires  a  considerable  time  to  become 
familiar  enough  with  the  literature,  methods  and  finally  the  large  niunber  of 
spedes  encountered,  to  carry  on  the  work*  in  a  profitable  manner.  For  this 
reason,  much  of  the  isolated  work  which  has  been  done  in  the  past  on  this 
subject  is  of  liitlited  biological  value,  but  is  important  mainly  from  the  stand- 
f>oint  of  agricultural  science  and  more  especially  soil  fertility. 
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METHODS 


In  the  preliminary  work,  soils  were  used  from  the  immediate  neighborhood 
of  New  Brunswick.  Later  samples  were  studied  from  all  parts  of  the  state. 
Most  of  the  samples  were  taken  at  a  depth  of  from  1  to  4  inches  in  the  usual 
way.  However,  some  of  the  samples  sent  in  by  the  various  county  agri- 
cultural agents  were  put  up  in  tin  cans  or  paper  bags.  The  depth  of  soil 
taken  for  the  samples  excludes  the  strictly  surface  forms.  These  cannot, 
strictly  speaking,  be  called  soil-dwellers  and  should  be  excluded  in  a  study 
of  this  kind.  Samples  were  taken  at  all  seasons  of  the  year,  even  in  mid- 
winter when  the  soil  was  solidly  frozen.  No  sample  was  taken  when  there 
,  was  standing  water  on  the  soil,  nor  were  any  taken  in  close  proximity  to 
ditches,  streams,  or  ponds  (except  to  study  the  fauna  under  such  conditions). 
As  many  types  of  soil  were  used  as  possible;  var3dng  degrees  of  fertility  and 
acidity  were  also  compared  to  a  limited  extent. 

One-hundred-gram  portions  of  the  soil  under  consideration  were  placed  in 
each  of  three  Erlenmeyer  flasks  containing  about  125  cc.  of  media.  The 
three  media  used  generally  in  this  work  were  soil  extract,  horse-dung  and 
hay  infusions.  The  flasks  were  incubated  at  room  temperature  (20-21**C.) 
and  examined  daily  for  the  first  15  days,  then  biweekly  for  a  period  of  about 
2  months.  In  general  it  was  found  that  little  was  to  be  gained  from  exam- 
ining cultures  over  a  month  old.  It  is  believed  that  all  the  protozoa 
existing  in  the  soil  as  cysts  or  spores  excyst  within  30  days.  A  few  very  old 
cultures  were  studied  to  determine  how  long  protozoa  are  able  to  live  in  the 
same  medium.  In  this  connection  it  may  be  stated  that  some  forms  were 
still  foimd  after  2  years'  incubation  in  soil  extract  medium. 

During  the  examination  of  cultures,  care  was  exercised  not  to  agitate  the 
flasks  so  as  to  disturb  the  soil  in  them.  It  was  found  that  some  species 
were  surface  dwellers  while  others  preferred  the  area  just  above  the  soil  layer; 
still  others  were  free-swimming  and  inhabited  all  parts  of  the  liquid.  The 
cidture  solution  was  removed  from  the  flasks  for  study  by  means  of  small 
capillary  pipettes.  Both  plain  and  hollow-ground  microscopic  slides  were 
used,  though  the  superiority  of  the  latter  is  obvious.  In  rapid  routine 
work,  however,  it  is  quicker  to  use  plain  glass  slides.  In  order  to  find  rela- 
tively rare  specimens  it  is  sometimes  necessary  to  examine  a  considerable 
amount  of  material.  For  this  work  plain  slides  without  cover  slips  were 
used,  and  on  locating  the  organism,  the  latter  was  transferred  to  a  cover  sUp 
and  examined  at  leisure  on  a  hollow-ground  slide.  For  the  examination  of 
cultures  a  low  magnification  is  preferable  at  first,  then  higher  magnifications 
are  used  if  necessary.  For  ordinary  purposes  with  ciliated  organisms  or 
rhizopods  the  250  and  500  magnifications  are  most  satisfactory,  but  for  the 
minute  flagellates  and  for  the  study  of  stained  specimens,  it  is  necessary  to 
use  magnifications  at  times  as  high  as  1200  diameters. 
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The  satisfactory  killingy  staining  and  fixing  of  protozoa  on  glass  slides  is 
somewhat  difficult  and  requires  considerable  patience  and  experience  to 
obtain  good  results.  Distortion  of  the  body  of  the  organisms  is  almost  un- 
avoidable. Most  bacteriological  stains  used  in  connection  with  the  dry  or 
flame  methods  of  fixing  are  not  satisfactory  except  in  the  case  of  the  nunute 
flagellates.  The  kiUing  agent  must  act  rapidly  or  distortion  will  result. 
Osmic  vapor  or  2  per  cent  solution  of  the  add,  potassium  iodide,  bichloride 
of  mercury  (saturated  solution)  to  which  has  been  added  1  per  cent  acetic 
add,  and  picrosulfuric  add  were  the  best  killing  reagents  used.  Intra-vitam 
staining  with  dilute  solutions  of  methyl  green,  methylene  blue  or  Congo  red 
gave  very  good  resxilts.  The  Romanowsky  stain  as  modified  by  Morgan  (24) 
was  tried  with  good  results  but  consumed  too  much  time  for  routine  work. 
Iron  haemotoxin  gave  good  results  as  a  nudear  stain,  while  for  staining  cilia, 
tannic  add  was  good.  In  the  case  of  very  active  organisms  it  was  found 
that  observation  could  be  much  simplified  by  placing  a  few  strands  of  cotton 
on  the  slide  to  restrict  motility.  Dilute  agar  solution  is  also  useful  for  this 
purpose.  For  further  information  on  the  subject  of  staining  and  fixing 
protozoa  the  reader  is  referred  to  a  short,  concise  artide  by  Hargitt  (11). 

DIRECT  EXAMINATION  OF  SOa  FOR  PROTOZOA 

All  samples  inoculated  into  media  for  study  were  previously  studied  micro* 
scopically  to  detect  trophic  protozoa.  For  this  examination  the  soil  sample 
was  dampened  with  water,  placed  on  a  slide  and  examined  for  about  5  min- 
utes. If  no  living  cells  were  detected  in  that  time,  the  sample  was  called 
negative.  In  but  two  soils  collected  were  living  protozoa  found  and  then 
only  in  very  small  numbers.  Samples  of  soil  taken  near  ditches  or  ponds 
practically  always  showed  living  specimens,  as  did  samples  collected  in  low 
places  where  there  was  standing  water  after  heavy  rains.  These  latter  samples 
are  not  included  in  the  number  of  soils  classed  as  normal  and  on  which  our 
work  was  based. 

PRESENT  STATUS  OF  OUR  KNOWLEDGE  CONCERNING  THE  CHARACTER  OF 

THE  SOIL  FAUNA 

It  is  interesting  to  speculate  for  a  moment  upon  the  manner  in  which  pro- 
tozoa are  spread  in  soil.  Leeuwenhoek  (19)  as  early  as  1677  found  and 
described  several  spedes  of  protozoa  from  rain-water.  The  rain  is  therefore 
one  of  the  means  by  which  cysts  were  originally  distributed  in  soils.  Ehren- 
berg  (8,  9)  in  1837  mentions  that  he  foimd  large  numbers  of  protozoa  in 
rich  soils.  Since  his  time,  Rosenburg-Lipinsky  (28),  Wolff  (38),  Cimningham 
and  Lohnis  (5),  Martin  (21),  Waksman  (34)  and  others  mention  the  exis- 
tence of  a  considerable  soil  fauna.  No  specific  reference  was  found  suggesting 
a  plausible  explanation  for  the  presence  in  soil  of  such  large  numbers  of  spedes 
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and  protozoan  cells.  Miquel  (23)  showed  that  protozoa  and  algal  ^)ores  or 
cysts  were  common  in  air  and  rain-water  even  on  the  tops  of  the  highest 
mountains  of  France.  It  is  suggested  that  the  air,  rain,  snow,  winds,  etc., 
disseminate  these  or  ganisms  over  all  the  land.  Up  to  the  present  day  the 
validity  of  the  old  "egg  and  germ"  theory  of  distribution  of  spedes  by  the 
elements  mainly,  has  not  been  seriously  questioned.  All  biologists  know  that 
protozoa  are  abundant  on  grass-stems,  bark  of  trees,  among  mosses  and 
lichens  and  even  other  places  where  their  presence  would  not  be  expected 
because  of  the  lack  of  moisture.  Leidy  (20)  in  his  excellent  treatise  on  rhizo- 
pods  states,  "Although  essentially  aquatic,  they  (rhizopods)  occur  wherever 
there  is  moisture,  induding  damp  rocks  and  soils,  among  vegetation,  on  the 
barks  of  trees,  and  even  in  the  crevices  of  walls  and  pavements  in  dties." 
Pleas  (25)  found  many  living  spedes  of  algae,  protozoa  and  rotifers  among 
lichens  collected  in  mid-winter  from  dry  rocks  and  fences.  He  found  organ- 
isms in  various  stages  of  development  and  thereby  conduded  that  the 
organisms  had  been  leading  a  trophic  existence.  He  calls  attention  to  the 
inadequacy  of  the  old  "egg  and  germ"  theory  to  account  for  the  large  num- 
bers found.    This  matter  will  be  discussed  further  in  this  paper. 

The  number  of  protozoain  soils  varies  widely  with  the  nature  of  the  soil.  But 
there  are  very  few  soils  that  have  not  a  fairly  large  number  of  cells  belonging 
to  numerous  genera  and  spedes.  No  soil  was  examined  in  the  state  of  New 
Jersey  which  did  not  contain  some  protozoa.  The  number  of  individuals 
present  varies  from  a  very  few  to  many  thousands  per  gram  of  soil.  The 
dilution  method  of  determining  the  mmiber  in  soil  is  perhaps  the  most  ac- 
curate method  that  can  be  used.  Varying  dilutions  of  the  soil  being  studied, 
are  made  up  and  inoculated  into  suitable  media  such  as  soil  extract  or  horse- 
dung  infusion.  These  media  are  then  examined  microscopically  for  living 
protozoa  daily  up  to  about  30  days.  It  is  obvious  that  a  method  which 
determines  the  number  of  cells  in  a  culture  solution  after  being  inoculated  for 
several  days  is  inaccurate  on  account  of  the  rapid  multiplication  of  the 
organisms.  Also  certain  spedes  excyst  after  a  few  hours  and  some  only  after 
some  days,  hence  it  would  be  almost  impossible  to  determine  all  the  organisms 
present.  By  means  of  the  dilution  method  the  relative  mmibers  of  any 
spedes  may  be  accurately  determined  although  the  procedure  is  time-con- 
suming. Sherman  (31)  found  some  soils  containing  10,000  protozoa  per 
gram.  Rahn  (27)  found  an  average  of  about  100  dilates  and  from  1000  to 
10,000  flagellates.  Waksman  (34)  reports  from  10  to  100  dilates  and  100 
to  10,000  flagellates  per  gram  of  soil.  In  these  estimates  the  nmnbers  of 
rhizopods  present  in  the  soil  are  not  given  except  very  approximately.  It  is 
the  authors'  opinion  that  amoebae  are  very  widely  distributed  in  the  soil. 
Since,  as  a  rule,  they  excyst  only  after  a  considerable  period,  they  are  no 
doubt  frequently  overlooked.  Wilson  (37)  substantiates  this  view  when  she 
refers  to  naegleria  {amoeba)  gruberi  as  the  "conmion  soil  amoeba."  Martin 
and  Lewin  (22)  in  England  also  found  many  amoebae  in  soils.    Under  ordi- 
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nary  conditions  Waksman  found  no  protozoa  at  a  greater  depth  than  12  inches 
and  showed  that  the  greatest  numbers  are  concentrated  in  the  top  4  inches  of 
the  soil. 

Regarding  the  presence  of  living  protozoa  in  soil,  much  has  been  written. 
The  results  reported  by  various  investigators  are  conflicting.  This  is  to  be 
expected,  however,  since  the  character  of  the  soil,  its  moisture  and  organic 
content  and  its  bacterial  and  protozoan  life  needs  must  vary  in  different 
parts  of  the  world.  In  general,  the  English  investigators  incline  to  the  view 
that  protozoa  in  a  trophic  condition  are  constantiy  present  in  most  soib. 
On  the  other  hand,  the  American  investigators'  findings  have  demonstrated 
just  the  reverse.  Whether  the  English  workers  drew  their  conclusions  cor- 
rectiy  from  the  results  obtained  has  been  discussed  in  the  literature.  Since 
the  very  thorough  work  of  Koch  (15,  16)  and  Waksman  (34,  35)  was  carried 
out  in  New  Jersey,  their  conclusions  may  be  applied  to  New  Jersey  soils. 
Koch  concludes  protozoa  do  not  exist  in  normal  soils  or  even  in  soib  where  the 
moisture  content  is  somewhat  above  normal.  He  refers  here  to  field  soils  in 
particular.  In  greenhouse  soils  containing  much  organic  matter  and  with 
high  moisture  content  he  found  a  few  living  protozoa.  He  thinks  that  pro- 
tozoa may  become  active  in  soils  whenever  the  moisture  content  rises  con- 
siderably above  the  normal.  Waksman  found  very  few  living  protozoa  in 
field  soils  and  this  investigator  shows  that  both  moisture  and  organic  content 
are  the  principal  limiting  factors  for  the  development  of  protozoa  in  the 
soil.  Our  work  is  entirely  in  accord  with  that  of  these  two  investigators; 
namely^  that  in  ordinary  soils  there  are  very  few  living  protozoa  even  though 
this  same  soil  may  contain  thousands  of  cysts  per  gram.  In  the  examination 
of  some  hundred  fresh  samples  of  soil,  but  two  were  found  to  contain  living 
protozoa  on  the  direct  examination.  In  one  case  several  manas  guUula  were 
observed  in  a  heavy  clay  soil  of  the  Penn  series,  and  in  the  other  case  a  few 
specimens  each  of  naegleria  gruberi  and  colpoda  cucuUus  were  demonstrated 
from  a  shaley  loam  soil  of  the  same  series.  In  water-logged  soils  and  in 
samples  obtained  near  ditches  and  ponds  many  species  of  living  protozoa 
were  present. 

Purdy  and  Butterfield  (26),  with  pure,  bacteria-free  cultiires  of  protozoa, 
have  recentiy  shown  that  some  of  tiie  common  species  of  protozoa  cannot 
exist  in  cultiire  solutions  containing  organic  matter,  without  the  presence  of 
living  bacteria.  They  have  proven  that  bacteria  form  the  main  food  for  pro- 
tozoa and  that  the  latter  cannot  subsist  on  organic  matter,  as  was  claimed  by 
some  investigators.  In  culture  solutions  the  numbers  of  protozoa  present 
alwa3rs  increased  directiy  at  the  expense  of  the  bacteria.  Several  investigators 
using  impure  cultures  (i.e.,  cultures  of  protozoa  mixed  with  bacteria),  have 
shown  that  protozoa  are  bacteria  eaters.  Among  these  are  Huntemliller  (13) 
and  Hoffman  (12),  who  showed  conclusively  that  certain  water  protozoa  ingest 
typhoid  bacteria.  Among  the  species  mentioned  are  two  common  soil  fiagel- 
ates,  viz.,  bado  avatus  and  bodo  saltans.    This  is  of  interest,  as  Sherman  (31) 
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in  his  extended  researches  found  that  flagellates  did  not  limit  bacterial  numbers 
in  solution  and  soil.  He  found  that  the  dliates  were  capable  of  causing  a 
large  decrease  in  numbers  of  bacteria  in  cultiire  solutions  and  in  soil  under 
proper  conditions.  Waksman's  (35)  results  are  in  general  in  accord  with 
Sherman's.  It  is  thus  seen  that  at  least  some  species  of  protozoa  use  bacteria 
regularly  as  food,  and  it  follows  that  the  protozoa  living  in  the  soil  also  ingest 
bacteria.  Since  flagellates  are  the  most  common  of  all  the  protozoa  and  as 
Sherman  found  in  general  that  they  did  not  consume  many  bacteria,  they  are 
not  perhaps  of  much  consequence  in  the  soil.  However,  this  point  needs  to 
be  more  thoroughly  investigated  before  any  conclusions  can  be  safely  drawn. 
Goodey  (10)  shows  that  active  protozoa  exist  in  certain  sewage-treated  soils 
in  England  and  may  be  a  limiting  factor  in  the  fertility  of  those  soils.  This 
is  undoubtedly  true,  and  even  in  some  of  the  wet,  low-lying  soils  of  New 
Jersey,  the  protozoa  present  may  have  a  considerable  detrimental  influence 
upon  the  bacteria  which  are  present.  Russel  and  Huchinson  (29,  30)  claim 
that  when  soils  are  partially  sterilized  by  heat  or  antiseptics  the  beneficial 
effect  noted  on  the  subsequent  crop  is  a  result  of  the  destruction  of  an  injurious 
biological  factor  (protozoa  supposedly).  Much  controversy  has  arisen  con- 
cerning this  veiwpoint  but  it  is  probably  the  consensus  of  opinion  of  soil  biolo- 
gists that  the  well-known  beneficial  effect  upon  the  soil  is  due  to  a  number  of 
other  reasons.  Under  certain  conditions  it  cannot  be  denied  that  protozoa 
might  be  able  to  decrease  the  fertility  of  a  soil  by  destro3dng  the  beneficial  soil 
bacteria. 

ENUMERATION  OF  SPECIES  OF  PKOTOZOA  AND  ALGAE  IN  NEW  JERSEY 

SOILS 

For  the  identification  of  these  organisms,  great  care  was  taken  to  consult 
thoroughly  the  literature  of  protozoology  to  make  certain  of  the  correct 
nomenclature.  In  some  cases  this  has  been  found  to  be  very  difficult  because 
of  the  often  imperfect  descriptions  and  figures  of  the  early  investigators  com- 
bined with  the  over-zealousness  of  others  in  making  new  genera  and  species 
when  existing  classifications  were  entirely  adequate.  It  is  not  uncommon 
for  a  single  organism  to  be  described  in  the  literature  under  five  or  six  dif- 
ferent names.  In  compiling  the  list  below,  the  name  of  the  investigator  who 
named  the  species  is  always  mentioned  so  that  no  doubt  may  be  entertained 
as  to  the  organism  described.  As  the  literature  on  the  subject  is  somewhat 
scattered,  some  of  the  more  useful  works  found  for  the  identification  of  these 
organisms  are  given  in  the  bibliography.  Among  them  are  Butschli  (1),  Kent 
(14),  Calkins  (2,  3),  Doflein  (6),  Leidy  (20),  Stokes  (33),  Conn  (4),  Edmond- 
son  (7),  Stein  (32),  Whipple  (36)  and  WoUe  (39,  40). 

In  the  plates  appended  to  this  paper  the  more  conmion  soil  protozoa  and 
algae  are  roughly  pictured.  The  drawings  were  originally  made  from  the 
living  and  stained  organisms  themselves.  In  a  few  of  the  drawings,  figures 
taken  from  the  literature  were  used  in  connection  with  the  original  drawings. 
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The  following  species  were  identified.^ 

A  list  of  the  protozoa  and  algae  found  in  New  Jersey  soils 
(For  drawings  of  the  commoner  forms  see  plates  1-4) 
Qass— Saicodina 
Subdasa— Rhizopoda 

Hyalodiscus  (amoeba)  Umax  Duj.  ++ 

Hyalodiscus  (amoeba)  guttula  Duj.  ++ 

Amoeba  proteus  Ehrbg.  ++ 

Amoeba  radiosa  Ehrbg.  ++ 

Naegleria  (amoeba)  gruberi  Schaxdinger  (Wilson)  ++++ 

Arcella  vulgaris  Ehrbg.  + 

DiiSugia  pyrif ormis  Perty  + 

Difflugia  globulosa  Duj.  + 

Pamphagus  mutabilis  Bailey  + 

Microgromia  sodalis  Arch.  + 

Diplophrys  archeri  Bark.  + 

*MastiganK>eba  sp.  (?)  ++ 

*Ciliophrys  infusionimi  Cienk.  + 

Subclass— Heliozoa 

Actinophrys  sol  Ehrbg.  ++ 
Vampyrella  lateritia  Frca.  + 
Raphidiopbrjrs  sp.  (?)  + 
Qathrulina  elegans  Cienk.  + 

Class—Mastigophora 
Subclass— FlageLUdia 

Monas  tenno  Ehrbg.  (Martin)  ++++ 

Monas  guttula  Ehrbg.  +++ 

Monas  vivipara  Ehrbg.  ++ 

Oikomonas  mutabilis  S.  K.  (Kent)  ++  + 

Cercemonas  crassicauda  Duj.  +++-I- 

Cercemonas  longicauda  Duj.  +-|-+ 

Pleuromonas  jaculans  Perty  ++ 

Physomonas  elongata  Stokes  ++ 

Monosiga  ovata  S.  K.  + 

Phyllomitis  amylophagus  (?)  Klebs  ++ 

Bodo  (heteromita)  ovatus  (caudatus)  S.  E.  +++ 

Bodo  globosus  Stein  ++ 

Bodo  lens  MOll.  (S.  K.)  + 

Bodo  sp.  (?).    Resembles  Conn  No.  79  + 

Clostenema  sodaHs  (?)  Stokes  + 

Tetramitis  variabilis  Stokes  + 

Hezamitis  inflatus  Duj.  + 

Euglena  viridis  Ehrbg.  ++ 

Euglena  acus  Ehrbg.  ++ 

Phacus  pyrum  Ehrbg.  -|— |- 

^  Relative  abundance  of  species  is  indicated  by  plus  (+)  marks  as  follows:  rare  +;  oc- 
canonal  ++;  common  +-|— h;  very  common  -|"|-++.    Identification  doubtful  (?). 
*  These  two  forms  are  often  included  in  the  Mastigophora. 
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CUas— Mastigophora 

Subclass — Flagellidia — Continued 

Phacus  longicaudus  Ehrbg.  + 

Eutiepia  viridis  (?)  Perty  + 

ThuJielomoxias  volvodna  Ehrbg.  + 

Cryptoglena  pigia  Ehrbg.  ++ 

Astasia  tzichophora  (?)  Ehrbg.  ++ 

Astaaa  sp.  (?).    Resembles  Conn  No.  73  + 

Paranema  tiichophora  Ehrbg.  ++ 

Hetezonema  acus  Ehrbg.  ++ 

Petabmonas  mediocaneUata  (?)  Stein  + 

MaUomonas  sp.  (?).    Resembles  EdnL  No.  S5  + 

Crytomonas  ovata  Ehrbg.  ++ 

Chitomonas  paramedum  Ehrbg.  (Stokes)  ++ 

Chilomonas  sp.  (?).    Resembles  Conn  No.  95  + 

Chlamydomonas  sp.  (?)  ++ 

Class— Infusoria    ' 
Subclass— Cmata 

Holophiya  sp.  (?).    Resembles  Conn  No.  120  +++ 

Holophyra  sp.  (?).    Resembles  Conn  No.  121  ++ 

Urotricha  tp.  (?).    Resembles  Edm.  No.  91  ++ 

TJiotricha  (balantozoon)  agile  Stokes  ++ 

Enchelys  fardmen  Ehrbg.  ++++ 

Enchelys  sp.  (?).    Resembles  Conn  No.  124  +  + 

Prorodon  teres  (?)  Ehrbg.  ++ 

Prozodon  armatus  (?)  C.  &  L.  ++ 

Mesodinium  sp.  (?)  + 

Uonotus  fasdola  Ehrbg.  ++ 

Lozophyllum  flexUis  Stokes  -|"|- 

Dileptus  gigas  C.  &  L.  +-|- 

Dileptus  sp.  (?).    Resembles  Conn  No.  160  ++ 

Chilidon  cucullulus  Mttll.  ++ 

Chilidon  megalotrochae  Stokes  +++ 
Trichoda  pura  Ehrbg.  (Edm.  No.  118)  ++ 

Glaucoma  scintillans  Ehrbg.  +++ 

Colpidium  striatum  Stokes  +++ 

Colpidium  colpoda  (?)  Stein  +++ 

Uronema  marina  Duj.  ++ 

Colpoda  (tillma)  saprophila  Stokes  +++ 

Colpoda  cucullus  Stein  ++++ 

Colpoda  campyla  Stokes  +++ 

Colpoda  helia  Stokes  ++ 

Colpoda  flavicans  (?)  Stokes  + 

Paramoedum  trichium  Stokes  + 

Paramoedum  caudatum  Ehrbg.  + 

Pleuronema  chrysalis  Ehrbg.  ++ 

Pieuronema  sp.  (?).    Resembles  Conn  No.  211  ++ 

Cydidium  glaucoma  Ehrbg.  +++ 

Lembus  pusillus  (?)  Quenn.  (Calk.)  + 

Bkpharisma  (apgaria)  ovata  (?)  Stokes  +  ^ 

Metopus  sigmoides  C.  &  L.  ++ 

Metopides  acuminata  (?)  Stokes  + 
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Ciaasr— Infusoria 
Subclass— C]liata—-C<m/>fffMd 

Strombidium  sp.  (?).    Resembles  Conn  No.  229  + 

Halteria  grandineUa  O.  F.  MtUL  +++ 

Sticfaotrica  secunda  Perty  + 

Uioleptus  dispar  (?)  Stokes  ++ 

Uioleptus  muscuhis  (?)  Ehibg.  + 

Oxytricha  peUkmella  MflU.  +++ 

Ozytricha  bifaria  Stokes  ++ 

Stylonkhia  mytilia  Ehrbg.  +++ 

Stylonichia  puatolata  Ehrbg.  ++ 

Euplotes  chaxon  MOIL  (Ehrbg.)  ++ 

Euplotes  carinata  Stokes  + 

Aq>id]sca  costata  Duj.  ++ 

Vorticclla  striata  Duj.  ++++ 

Vorticella  dtrina  Ehrbg.  +++ 

Vorticella  putiina  MtllL  ++ 

Vortkella  microstoma  Ehrbg.  ++ + 

Vorticella  globularia  MtUL ++ 

Soil  algae  and  diatoms 

Pkotococcus  viridis  Ag.  +++ 
Pkotococcus  sp.  (?)  +++ 
Botiyococcus  sp.  (?)  + 
Tetraspora  sp.  (?)  ++ 
Chro0coccu8  cohoerens  (?)  Naeg.  ++ 
Nostoc  sp.  (?)  ++ 
Oosterium  sp.  (?)  ++ 
Cosmarium  sp.  (?)  + 
Coelosphaerium  sp.  (?)  + 
Ulothrix  sp.  (?)  ++ 
Spirogyra  sp.  (?)  + 

Diatoma  vulgare  ++ 
Navicula  rhyncocephara  (?)  ++ 
Stauroneis  sp.  (?)  + 
Cymbdla  sp.  (?)  ++ 
Nitachia  sp.  (?)  ++ 
Synedra  sp.  (?).  + 

Discussion 

Contained  in  this  list  are  13  species  of  rhizopods,  4  heliozoa,  34  flagellates, 
51  dliates;  and  in  addition  to  the  protozoa  are  11  algae  and  6  diatoms.  It  is 
thus  seen  that  from  a  species  standpoint,  the  cilates  are  most  numerous, 
followed  in  order  by  the  flagellates,  rhizopods  and  heliozoa.  In  point  of  actual 
numbers  in  the  soil,  however,  flagellates  easily  rank  first,  followed  by  the 
dliates  and  rhizopods.  The  larger  size  of  the  ciliates  tends  to  diminish 
the  advantage  which  the  flagellates  have  from  the  standpoint  of  numbers. 
Comparing  these  results  with  those  obtained  by  Kofoid  (17)  in  his  study  of 
the  plankton  of  the  Illinois,  Spoon  and  Quiver  rivers  we  find  fair  agreement. 


Digitized  by 


Google 


10  C.  K.  FELLEKS  AND  F.  £.  ALLISON 

In  the  Illinois  river  he  found  30  rhizopods,  4  heliozoa,  62  mastigophora,  55 
dliata  and  5  suctoria. .  In  the  Spoon  River  he  found  17  rhizopods,  no  heliozoa, 
38  mastigophora,  16  dliata  and  2  suctoria,  while  in  the  Quiver  River  the 
only  organisms  found  were  13  rhizopods  and  5  mastigophora.  With  respect 
to  species  relationship,  then,  the  soilmicrofauna  is  not  unlike  that  of  fresh  water. 
The  main  points  of  difference  are  in  the  absence  from,  or  very  limited  presence 
in  soil  of  such  forms  as  the  suctoria,  rotifera  and  Crustacea.  It  appears  that 
they  cannot  withstand  the  desiccation  and  other  unfavorable  conditions 
which  exist  in  soil. 

Compiling  those  species  which  have  been  classed  as  abundant  or  common 
in  New  Jersey  soils  we  find  that  there  are  17  ciliates,  6  flagellates,  1  rhizopod 
and  1  alga.  Seven  of  the  dlates,  however,  belong  to  two  genera,  namely 
colpoda  and  vorticeUa.  As  regards  abimdant  species  the  ciliates  are  again 
first,  with  flagellates  second.  Only  6  species  are  classed  as  'Wery  abundant.'^ 
These  are  naegleria  gruberi,  monas  termo,  cercemanas  crassicauda,  enchdys 
farcifken,  colpoda  cucuUus  and  vorticella  striata.  Several  other  genera,  such 
as  the  bodos,  monas,  halteriaf  colpidium  and  stylonickia  were  almost  as 
common. 

Of  course,  a  considerable  niunber  of  organisms  were  encountered  which 
could  not  be  even  tentatively  identified.  Several  fairly  common  ciliates  and 
flagellates  fall  into  this  class.  Some  are  undoubtedly  new  species  and  some 
may  even  have  to  be  given  new  generic  names.  The  soil  protozoa  would 
furnish  the  systematist  with  rich  material  for  investigational  work. 

The  algae  and  diatoms  were  not  thoroughly  studied  but  are  mentioned  in 
this  connection  mainly  because  of  their  close  relationship.  The  algae  belong 
mainly  to  the  coccus  forms  although  a  few  filamentous  genera  were  found. 
In  order  to  cultivate  the  algae  in  soil,  the  latter  was  mixed  with  quartz  sand 
in  a  flask,  saturated  with  a  weak  soil  extract  and  left  in  the  sunlight  for 
several  months.  Under  these  conditions  the  algae  present  will  form  a  mat 
on  the  surface  of  the  soil-sand  mixture.  Soil  algae  may  be  of  importance  in 
soil  fertility  by  furnishing  energy  material  for  the  growth  of  certain  beneficial 
soil  bacteria  such  as  the  azotohacter.  By  virtue  of  the  ability  of  algae  to 
manufacture  chlorophyll  in  the  presence  of  sunlight  and  of  the  ability  of 
azotobacter  to  fix  atmospheric  nitrogen,  a  mutual  beneficial  association  of 
these  two  organisms  might  result.  Beijerinck,  in  Holland,  has  shown  that 
such  an  association  actually  does  take  place  in  the  soil;  the  algae  furnishing 
the  necessary  carbohydrate  and  the  bacteria,  the  nitrogenous  matter.  D.  A. 
Coleman,  in  unpublished  data,  has  found  that  nostoc  incubated  in  flasks  in 
the  sunlight  with  several  mixtmres  of  azotobacter  does  not  furnish  appreciable 
energy-material  for  the  fixation  of  atmospheric  nitrogen.  Of  coiurse,  in  the 
field  conditions  may  be  such  that  appreciable  fixation  takes  place. 

To  throw  some  light  upon  the  question  of  the  similarity  of  the  microfauna 
of  the  soil  and  that  of  neighboring  ditches,  pools  and  ponds,  many  samples 
taken  from  the  latter  sources  were  studied.    In  general,  the  fauna  was  much 
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more  varied  in  character  than  that  of  the  soil.  Rotifers,  crustaceans,  diatoms, 
suctoria,  sponges  and  certain  colonial  protozoa  were  to  be  found  in  the  fresh- 
water ponds  and  streams  and  not  in  the  soil.  In  both  soil  and  water,  nema- 
todes and  larvae  of  insects  were  often  encountered.  However,  nearly  all 
spedes  which  were  found  in  soil  in  New  Jersey  have  been  also  identified  from 
fresh-water  sources  either  in  New  York  or  in  New  Jersey.  Their  relative 
abundance,  however,  is  not  necessarily  the  same  in  soil  and  water;  in  fact  it 
is  to  be  noted  that  some  very  common  plankton  organisms  were  never  found 
in  the  soil,  and  vice  versa,  some  of  the  common  soil  protozoa  are  not  often 
found  in  fresh-water.  The  work  of  Stokes  (33)  in  New  Jersey  and  other 
states,  Conn  (4)  in  Connecticut,  Edmondson  (7)  in  Iowa,  and  Kofoid  (17) 
in  Illinois,  on  the  fresh-water  species  of  protozoa,  shows  that  the  same  organ- 
isms are  present  in  nearly  every  locality  but  not  in  .the  same  relative  abun- 
dance.   This  apparently  is  true  also  in  the  case  of  soils. 

It  was  plainly  noticeable  that  many  of  the  terrestrial  protozoa  and  algae 
often  diiOFered  materially  in  size,  color  and  in  some  other  characteristics  from 
the  same  organism  taken  from  fresh  or  slightly  brackish  water.  Sometimes  a 
sheath  or  membrane  was  absent,  a  green  form  would  be  colorless  and  so-called 
'' social  species"  would  be  "solitary"  in  the  soil.  That  environment  has 
brought  about  these  changes  seems  evident.  This  observation  also  materially 
strengthens  the  conjecture  that  there  is  a  fairly  definite  soil  microfauna  and 
that  the  protozoa  lead  a  trophic  existence  whenever  soil  moisture  becomes 
excessive.  Such  a  condition  takes  place  after  heavy  rains,  floods  and  in  the 
spring  when  frozen  soil  is  thawing  out. 

The  characteristic  protozoa  of  the  soil,  then,  are  those  simple,  small,  hardy 
forms  which  are  capable  by  means  of  rapid  encystation  or  otherwise,  to  with- 
stand successfully  extremes  of  heat  and  cold,  desiccation,  aeration  and  such 
other  inhibiting  factors  as  are  natural  to  their  home  in  the  soil. 

DISTRIBUTION  OF  PROTOZOA  IN  DIFFERENT  SOILS 

Thirty-five  soils  were  collected  for  a  study  of  the  distribution  of  protozoa 
in  different  soils.  All  but  three  of  these  were  typical  New  Jersey  soils  and 
represented  nearly  every  county  in  the  state.  The  work  of  identification  of 
species  was  naturally  incomplete,  for  the  reason  that  sufficient  time  could 
not  be  given  to  any  one  soil  sample  to  insure  getting  every  organism  there. 
Two  media  were  used — ^soil  extract  and  horse-dung.  One-hundred-gram  por- 
tions of  each  soil  were  used  in  each  of  the  two  media.  In  this  connection  it 
should  be  stated  that  of  five  media  tested  out  for  soil  protozoa,  namely,  blood- 
meal  extract,  1  per  cent  beef  broth,  hay  infusion,  soil  extract  (heated  in  an 
autoclave),  and  horse-dung  infusion,  the  latter  two  were  found  to  be  bestsuited 
to  our  work.  The  main  difficulty  with  the  others  was  that  bacterial  growth 
was  so  heavy  as  to  prevent  the  development  of  the  protozoa;  the  solutions 
often  becoming  putrescent.    The  flasks  were  examined  daily  for  two  weeks, 
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TABLE  1 
Group  rdatumsMp  and  distribution  of  proUnoa  in  soUs 


lA.  Middlesex  County. 
3A.  Middlesex  County. 
5A.  Middlesex  County. 
6A.  Middlesex  County. 
7A.  Middlesex  County. 
8A.  Middlesex  County. 

Sussex  County 

Burlington  County 

Monmouth  County 

Cumberland  County. . . , 

Atlantic  County 

Cape  May  County 

Moiris  County. 

Hunterdon  County 

Warren  County 

Union  County 

Ocean  County 

Bergen  County 

Somerset  County 

Mercer  County 

Essex  County 

Camden  County 

Passaic  County 

1.  Middlesex  County. . 

2.  Middlesex  County. . 

3.  Middlesex  County. . 

4.  Middlesex  Coimty. . 

5.  Middlesex  County. . 

6.  Middlesex  County. . 

7.  Middlesex  County. . 

8.  Middlesex  County. . 

9.  Middlesex  County. . 
10.  Middlesex  County. . 

Colorado  (normal) 

Colorado  (nitre  spot) . . . 
Florida  (sandy) 


Totals  (New  Jersey  soils  only)* 

Average  number  of  species  per  soil 
(nearest  integer) 


8 

8 
4 
6 
3 

11 
3 
6 
9 
7 
6 
1 
3 
2 
6 
1 
1 
6 
^ 
7 
2 
4 

10 
2 
1 
2 
2 
4 
8 
4 
8 
2 
4 
3 
1 
2 


157 
5 


8 
16 
10 
10 
5 
13 
7 
2 
7 
6 
11 
1 
2 
1 
5 
2 
4 
5 
5 
1 
3 
2 
5 
5 
0 
2 
5 
13 
5 
7 
8 
4 
3 
3 
3 
1 


184 
6 


1 
3 
6 
2 
1 
0 
2 
2 
2 
0 
3 
0 
0 
1 
0 
1 
0 
0 

1 
1 
1 

0 
3 

1 
1 
0 

1 

1 
1 

0 

2 
0 
1 
0 
0 
2 


38 
1 


0 
1 
0 
0 
0 
1 
0 
0 
1 
0 
3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 

0 
0 

1 

0 

1 

0 
0 
0 
0 

1 

0 
0 
0 


10 

Less 
than  1 


1 
0 
0 
0 
2 
0 
0 
0 
0 
0 

1 

0 
0 
0 
0 
0 
0 
0 
0 

1 

0 

1 

0 
0 
0 
0 

1 

0 
0 
0 

1 

0 

3 

0* 

0 

0 


11 

Less 
than  1 


1 
0 

1 
0 

1 

3 
0 
0 
0 
1 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 

0 
2 
0 
0 
0 
1 
2 
0 
0 
0 
0 
0 
0 
0 
0 


15 

Less 

than  1 


17 

28 

20 

18 

9 

25 

12 

10 

19 

13 

23 

2 

6 

4 

11 

4 

5 

11 

12 

9 

6 

6 

19 

8 

2 

5 

8 

19 

14 

11 

18 

6 

9 

6 

4 

5 


389 
12 


*  Algae  and  diatoms  not  included  in  totals. 
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then  semi-weekly  for  two  weeks  more.  This  series  of  samples  was  examined 
for  evidence  of  living  protozoa  but  with  negative  results.  In  some  cases, 
however,  the  samples  had  partly  dried  out  by  the  time  they  arrived  at  the 
laboratory,  and  had  there  been  any  free  living  organisms  in  the  fresh  soil  they 
mig^t  have  encysted  again. 

Discussion 

The  results  given  in  table  1  indicate  that  protozoa  are  present  in  some 
form  or  other  in  all  the  soils  examined.  The  largest  number  of  species  iden- 
tified from  any  one  soil  was  28,  this  large  number  being  obtained  from  a 
fertile  but  heavy  clay  of  the  Penn  series.  The  smallest  number  of  species 
found  in  any  soil  was  2,  in  both  an  add  virgin  forest  soil  from  Middlesex 
County  and  a  coarse  sandy  soil  from  Cape  May  County.  In  general  it 
seemed  to  make  but  little  difference  where  the  samples  of  soil  were  obtained 
— ^a  fair  number  of  organisms  were  always  secured.  Certain  species,  however, 
appeared  only  in  certain  soils,  for  example  diUptus  gigas  and  uroleptus  mus- 
cuius  were  found  only  in  Sussex  County  soils,  euglena  acus,  in  a  rich  black 
forest  soil  of  Middlesex  County,  and  diffiugia  pyrifarmis  as  well  as  vam- 
pyretta  IcUeritia  were  identified  from  but  one  locality  in  Middlesex  County. 
Similar  observations  have  been  made  regarding  the  distribution  of  certain 
fresh-water  organisms.  In  certain  pools  one  may  always  find  certain  species, 
yet  again  he  can  search  for  days  in  other  localities  and  not  encounter  them. 
This  unique  circumstance  regarding  distribution  of  species  in  fresh  water 
apparently  holds  also  in  the  case  of  the  soil  microfauna. 

RELATION  OF  PROTOZOA  TO  SOIL  TYPE,  SOIL  BACTERIA  AND  MOLDS 

This  relation  was  studied  only  in  a  very  incomplete  manner,  but  as  some 
facts  of  interest  were  indicated  by  the  work,  it  is  here  reported.  It  was 
generally  observed  that  the  soils  apparently  in  a  high  state  of  fertility  prac- 
tically always  showed  the  presence  of  more  species  and  numbers  of  organisms 
than  did  the  less  fertile  soils.  To  test  out  this  observation  further  the 
following  data  are  offered.  More  direct  evidence  is  required,  however,  before 
the  question  can  be  definitely  decided. 

The  data  contained  in  table  2  show  that  of  the  soils  studied,  those  in  a  high 
state  of  fertility  harbored  the  greatest  number  of  protozoa  as  well  as  the 
greatest  number  of  species.  The  same  is  also  true  regarding  the  number  of 
bacteria  present.  Molds  do  not  apparently  follow  this  general  rule  for  nearly 
as  many  were  noted  in  an  acid  soil  under  sod  as  in  a  virgin  forest  soil.  The 
add  soil  had  received  large  amounts  of  ammonium  sulfate  annually  for  some 
years  previous.  The  forest  soil  was  also  acid.  The  other  soils  tested  were 
dther  only  very  slightly  add  or  neutral  in  reaction.  Field  conditions  seem 
to  show  that  the  same  relation  holds  between  numbers  of  protozoa  and 
bacteria  in  the  soil  as  well  as  in  the  cultture  flask.    In  other  words,  where 
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there  are  the  greatest  numbers  of  bacteria,  there  also  do  we  find  the  greatest 
number  of  protozoan  cells  and  species.  Such  a  statement  must  be  broadly 
interpreted,  as  it  is  reasonable  to  suppose  that  there  are  many  instances 
where  this  relation  does  not  hold.  For  example,  very  wet  soils  may  be  very 
low  in  numbers  of  bacteria  but  still  contain  many  protozoa,  also  where  bac- 
terial putrefaction  is  taking  place  and  large  numbers  of  bacteria  are  present, 
protozoa  may  be  almost  entirely  inhibited.  Such  a  condition  is  often  ob- 
served in  culture  flasks  containing  blood  meal  or  beef  extract.  In  many 
cases,  however,  a  high  bacteria  coimt  and  high  protozoa  count  (or  at  least  a 
large  number  of  spedes)  go  together.  This  might  be  explained  by  supposing 
that  during  the  periods  of  their  activity  in  the  soil  the  protozoa  find  great 
quantities  of  food  and  are  thus  able  to  propagate  rapidly  while  conditions 
are  favorable.  As  the  soil  dries  out  they  go  into  encystment  again.  This 
seems  to  be  the  logical  explanation  of  the  facts,  especially  since  Goodey  (10) 
and  others  have  shown  that  encystation  and  excystation  can  take  place  in 
a  few  hours  imder  suitable  conditions. 


TABLE  : 

I 

BOUKCE  OF  son.  SAUPIES 

NUMBEKOV 
PKOTOtOA  PEK 

NUICBESOV 

BACTSRIAPKK 

GKAM 

KOLDSPER 
OKAM 

SPECIES  OP  PKO- 

TOZOA  FOXTHD 

IN  SAMPLE 

Cultivated  rich  garden  soil 

AKalf  a  sod  (rich) 

Cultivated  orchard  (poor) 

Very  acid  soil  (sod) 

3500 

4500 

1000 

Very  few 

55 

5,300,000 
5,000,000 
4,850,000 
960,000 
1,500,000 

125,000 

90,000 

85,000 

138,000 

110,000 

26 

23 

9 

4 

Vinrin  forest 

3 

*  The  data  in  this  column  were  obtained  from  Dr.  S.  A.  Waksman. 
IS  THERE  A  TRUE  SOIL  MICROFAUNA? 

If  we  consider  this  question  in  the  light  that  the  soil  protozoa  are  distinct 
and  different  species  altogether  from  the  fresh-water  forms,  then  we  must 
say  that  there  is  none.  But,  on  the  other  hand,  if  we  mean  by  "true  soil 
microfaima,"  those  Organisms  which  are  practically  always  present  in  the  soil 
in  considerable  numbers  and  which  use  the  soil  as  a  medium  in  which  to  live 
and  carry  on  their  life  processes,  we  must  say  that  there  is.  It  has  been 
observed  that  just  because  an  organism  may  be  extremely  abimdant  in  fresh 
water  it  does  not  necessarily  follow  that  it  is  also  common  in  soil.  The  con- 
verse of  this  statement  also  is  true.  A  striking  example  of  this  nature  is  in 
the  case  of  paramoecium  caudcUum.  This  large  easily  identified  protozoan  is 
extremely  abundant  in  fresh  water,  yet  it  is  but  rarely  encoimtered  in  New 
Jersey  soils.  Naegleria  gruberi,  the  commonest  soil  rhizopod  found,  is  en- 
countered only  occasionally  in  plankton  studies.  In  general,  we  may  say 
that  a  considerable  number  of  species  of  protozoa  are  present  in  fairly  large 
numbers  in  most  soils.    Certain  species  of  algae  also  seem  to  be  common  in 
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soil;  the  most  common  form  being  the  protococcus.  As  roHfera  and  the  more 
complex  plankton  organisms,  with  the  exception  of  nematodes,  do  not  occur 
except  very  rarely  in  soils,  they  have  little  significance  in  this  consideration. 

SUMMARY 

1.  Protozoa  were  foimd  in  all  the  soils  examined;  the  nmnber  of  species 
identified  from  any  one  soil  varying  from  2  to  28.  Poor  sandy  acid  or  forest 
soils  contained  the  least  number  of  species,  while  fertile  soils,  rich  in  organic 
matter  or  with  high  water-holding  capacity,  contained  the  greatest  number. 

2.  Of  the  104  species  identified  from  New  Jersey  soils,  51  were  ciliates,  35 
were  flagellates,  14  were  rhizopods  and  4  were  heliozoa.  In  addition  to  the 
protozoa  10  genera  of  algae  and  6  of  diatoms  were  identified.  Nematodes 
were  common,  but  rotifers  or  crustaceans  were  not  encountered. 

3.  Of  the  species  classed  as  being  abundant  in  the  soil,  17  were  ciliates,  6 
were  flagellates  and  1  a  rhizopod.  The  ciliates  outnumber  the  flagellates  in 
the  number  of  species  identified  but  not  in  actual  numbers  of  organisms  in  the 
soil.  In  point  of  numbers  the  rhizopods  and  heliozoa  rank  third  and  fourth, 
respectively.    No  suctoria  were  encoimtered. 

4.  It  is  believed  that  in  normal'  New  Jersey  soils  protozoa  exist  mainly  in 
a  non-trophic  state.  Only  two  soils  out  of  some  hundred  samples  taken  all 
over  the  state  showed  the  presence  of  living  protozoa  on  direct  examination. 
In  soils  which  are  saturated  with  water  for  several  hours,  or  in  standing 
soil-water,  field  ditches  and  plough-furrows,  limited  nimibers  of  protozoa  may 
usually  be  found.  Since  their  activity  is  very  limited,  especially  at  low 
temperatures,  they  can  have  but  little  importance  from  the  standpoint  of  soil 
fertility  under  New  Jersey  conditions. 

5.  The  soil  microfauna  consists  principally  of  those  small,  simple  and  hardy 
protozoa  which  are  able  to  withstand  by  means  of  encystation  or  otherwise, 
such  extremes  of  heat  and  cold,  desiccation,  aeration,  etc.,  as  are  natural  to 
their  life  in  the  soil. 

6.  Practically  all  the  species  which  were  identified  from  the  soil  have  also 
been  found  in  the  fresh-water  lakes,  ponds,  pools  and  streams  of  the  state, 
but  not  in  the  same  relative  abundance.  Some  species  which  are  abundant  in 
soil  are  rarely  encountered  in  fresh  water,  and  mce  versay  several  of  the  most 
common  plankton  organisms  in  the  state  are  but  rarely  found  in  soil. 

7.  A  new  theory  to  replace  the  old  ''egg  and  germ"  theory  of  distribution 
of  protozoa  in  soil  is  put  forth  as  follows: 

Some  protozoa  undoubtedly  are  spread  about  by  rain,  winds,  animals  and 
other  natural  forces.  It  is  not  believed  that  these  means  are  sufficient  to 
account  for  the  large  number  of  organisms  of  many  species  found  in  all  soils. 
Protozoa  become  active  in  soil  whenever  there  is  excessive  moisture  present 
for  a  period  of  several  hours.    Such  conditions  are  common  during  prolonged 

'  Soils  not  containing  moisture  much  in  excess  of  the  ph3rsical  optimum. 
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rains  especially  in  the  rainy  seasons,  during  winter  and  spring  thaws,  in  soils 
kept  moist  from  seepage  and  in  poorly  drained  lands.  Excystation  takes 
place  followed  by  a  feeding  period  and  consequent  growth,  then  reproduction 
takes  place.  As  conditions  become  unfavorable  again,  encystation  begins  or 
death  occurs.  Since  all  these  processes  may  take  place  in  the  course  of  a  few 
hours  (but  usually  requiring  24  hours  at  least  for  appreciable  reproduction  to 
take  place),  the  whole  life  cycle  of  many  protozoa  may  be  completed  in  the 
soil. 

In  support  of  this  contention  it  may  be  stated  that  there  is  apparently  a 
fairly  definite  soil  fauna  which  differs  in  several  respects  from  the  surrounding 
fresh-water  fauna.  Rich,  fertile  soils  contain  greater  niunbers  of  both  bacteria 
and  protozoa  than  poor  or  very  add  soils.  Since  protozoa  use  the  bacteria  as 
food  it  seems  reasonable  that  they  would  multiply  more  readily  in  places 
where  there  is  plenty  of  food.  Protozoa  may  be  generally  found  in  field  ditches, 
plow  furrows,  in  soil  where  there  is  standing  water,  and  in  soils  wet  from 
seepage,  showing  that  they  may  lead  a  trophic  existence  in  soil  if  conditions 
are  suitable.  It  is  absolutely  unreasonable  to  conceive  of  the  elements  and 
other  natural  forces  as  being  accountable  for  5000  protozoa  in  practically 
every  gram  of  soil  in  the  state. 
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PLATE  1 
RmzopoDA 

I.  Byalodiocus  Umax  Duj.  30-80  n  (45),  occasional;  simple,  h3ra[ine  with  single 
pseudopodium. 

2a.  Byalodiscus  (amoeba)  guUtda  Duj.  10-25^(20);  occasional;  a  very  minute  rhizopod; 
usually  club-shaped;  endoplasm  clear  with  few  large  granules. 

2b.  Same,  with  pseudopodium  extended. 

3.  Amotha  ffroteus  Ehrbg.    70-250  n  (150);  occasbnal;  a  large  many-lobed  organism. 

4a.  Naegleria  {amoeba^  gruberi,  Schardinger  (Wilson).  15-40  m  (25);  trophozoite;  very 
abundant;  drawing  shows  nuclear  change  taking  place. 

4b.  Same;  one  pseudopod  extended  while  the  other  is  retracted. 

4c.  Same;  flageUated  stage  15-30  ti  (20);  this  stage  found  only  occasionally  in  cultures 
but  often  on  exposed  microscopic  slides. 

5a.  Amoeba  radiosa  Ehrbg.    Body  15-35  m  (18);  occasional;  this  is  usual  form. 

5b.  Same;  radial  spikes  bAving  changed  into  pseudopodia. 

6.  ArceUa  vulgaris  ^hrbg.  50-90  jit  (70);  occasionsd;  top-view  showing  delicate  finger- 
like pseudopodia  beneath  the  shell. 

7.  Mastigamoeba  F.  E.  Sch.  sp.?  15-35  ^  (30);  occasional;  short,  blunt,  unbranched 
pseudopodia.  Usually  classed  with  the  MasUgophora  on  account  of  the  flagellum.  A  varia- 
ble genus. 

8.  Difflugia  Pyriformis  Perty.  40-200  /x  (90);  occasional;  slender,  delicate  pseudopodia 
extending  from  beneath  the  silidous  shell. 

9.  Microgromia  socialis  Arch.  Rare.  Individuals  vary  in  size  from  8-14  n  (12); 
a  colonial  form;  pseudopodia  not  anastomosing  in  some  specimens. 

10.  AcUnopkrys  sol  Ehrbg.  50-100  m  (70);  occasional;  specimen  much  vacuolated;  one 
of  the  commonest  Hdiosoa  found  in  the  soil. 

II.  Diplopkrys  archeri  Bark.  20-35  m  (25);  rare,  showing  several  contractile  vacuoles 
and  oil  globules. 
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PLATE  2 
Mastigofhoka  (Flagellates) 

1.  Monas  termo  Ehibg.  (Martin);  5-10  m  (7);  very  abundant;  usual  shape  globular  to  ovoid, 
la.  Same;  ovoid  form  of  this  spedes;  body  somewhat  changeable  in  shape. 

lb.  Same;  showing  this  organism  with  2  flageUa  ready  to  divide. 

2.  Monas  gutlula  Ehrbg.  7-15  n  (12);  abundant;  posterior  nucleus  and  posterior  vacuole. 
2a.  Same;  semi-amoeboid  form  showing  2  dissimilar  flagella. 

3.  Monas  vivipara  Ehrbg.  (Stein);  12-25  n  (17);  sometimes  attached  at  base;  occasionaL 
3a.  Same;  showing  a  common  amoeboid  form;  nucleus  visible  with  reagents. 

4.  Oikomonas  mutabilis  S.  K.  (Kent);  7-15  n  (10);  abundant;  sometimes  attached  at  base. 
4a.  Same;  showing  a  specimen  with  distorted  body  and  single  flagellunL 

5.  Cercemonas  crassicauda  Duj.  10-25  m  (18);  very  abundant;  shape  variable. 

5a.  Same;  semi-amoeboid  form;  flagella  sometimes  appear  as  simply  body  prolongations. 

6.  Pkysomonas  eUmgata  Stokes.    7-15  n  (9) ;  occasional;  body  usually  twice  as  long  as  bioad. 
6a.  Same;  showing  changeable  shape;  sometimes  attached  by  a  posterior  pedicel. 

7.  Pleuromonas  jaculans  Perty.    5-11  m  (8);  occasional;  kidney-shaped  to  sphericaL 

7a.  Same;  showing  a  more  spherical  form  attached  by  posterior  flagella;  nucleus,  anterior. 

8.  MattomonaSf  Perty,  sp.  Edm.?    12-28  m  (18) ;  rare;  body  covered  with  rigid hairsor  setae. 

9.  PkyUomUis  amylophagus  Klebs  (?),  Conn.     10-22  n  (16);  occasional;  one  flagellum 
often  trailing. 

9a.  Same;  a  smaller  form  with  a  more  flexible  body. 

10.  Bodo  ovaius  Duj.    Average  aze  14  m  x  8  /a;  abundant;  one  flagellum  trailing  while  the 
other  is  used  as  a  propulsive  whip  anteriorly. 

11.  Bodo  globosus  Stein.    8^12  m  (9);  abundant;  almost  spherical  in  form. 

12.  Bodo,  Ehrbg.  sp.  (?);  Beteromita  (Stokes).    10-14  ft  (11);  occasional;  an  oblique, 
longitudinally  ridged  specimen. 

13.  Cryptomonas   owUa  Ehrbg.    20-250  n   (30);    occasional;    specimen  shows   green 
chlorophyll  bands  encircling  the  body. 

14.  Chlamydomonas,  Ehrbg.  sp.  (?).    12-30  m  (20);  occasional;  endoplasm  green;  single 
eyespot. 

15.  Trachdomonas  volvocina  Ehrbg.    25-50  n  (35);  occasional;  color  usually  brown;  some- 
times without  neck-like  projection. 

16.  Cryptoglena  Pigr^  Ehrbg.    10-20  m  (13);  occasional;  2  pigment  bands  and  single 
eyespot. 

17.  CkUonumas  Paramecium  Ehrbg.  (Stokes);  20-40  m  (28);  occasional;  vacuole  located 
anteriorally;  dark  colored  corpuscles  scattered  in  the  endoplasm. 

18.  Monosiga  ovata  S.  K.    10-15  m  (12);  rare;  solitary;  often  attached  to  debris. 

19.  BexamUus  injUUus  Duj.    12-22  ii  (15);  rare;  4  vibratile  anterior  and  2  posterior 
trailing  flageUa. 

20.  Phacus  pyrum  Ehrbg.    15-50  ft  (25);  occasional;  color  greenish;  eyespot;  body 
obliquely  grooved. 

21.  Euglena  viridis  Ehrbg.    18-60  n  (30);  occasional;  body  usually  green;  red  eyespot; 
body  shape  variable;  organism  senstive  to  stimuli. 

22.  Paranema  trichophora  Ehrbg.    50-120  m  (90);  occasional;  body  very  flexible;  nucleus 
central. 

23.  Heteronema  acus  Ehrbg.  (Stein).    35-80  fi  (50);  occasional;  body  plastic;  longer 
flagellum  trailing. 

24.  Astasia  trichophora  Ehrbg.  (?)    30-60  m  (45);  occasional;  body  plastic;  endoplasm 
is  transparent;  no  eyespot  present. 

24a.  Same;  showing  a  commonly  observed  distortion. 

25.  Tetramitus  variMlis  Stokes.    10-20  n  (16);  rare;  4  subequal  flagella;  body  obovate 
plastic  and  variable  in  shape. 

26.  Euglena  acus  Ehrbg,    40-100  m  (70);  occasional;  body  veiy  elongate;  greenish  in 
color;  posterior  end  pointed;  nucleus  central;  eyespot  present. 
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PLAtE  3 

Chjata 

1.  Bolophryay  sp.  (?)  Conn.  30-50  /i  (38);  a  variable  genus  of  many  species  sevenl  of 
which  are  common  in  the  soil. 

2.  Urotricha,  C.  &  L.  sp.  Edm.  fig.  no.  91.  35-50  m  (40);  occasional;  shows  posteiior 
springbg  hair  and  lip-like  extensions  of  apical  oral  aperture. 

3.  Enckdys  foremen  Ehrbg.  30-60  m  (40);  very  abundant;  this  is  one  of  several  similar 
oiganisms  referred  to  this  genus. 

4.  Lionotus  fasciola  Ehibg.  90-120  m  (110);  occasional;  2  spherical  nuclei;  oral  aperture 
located  ventrally  but  usually  not  visible. 

5.  Prarodan  teres  (?),  Ehrbg.  60-150  /a  (75);  occasbnal;  oral  opening  terminal;  nucleus 
central;  the  usually  described  species  is  larger  than  this  one. 

6.  DUeptus  gigas  C.  &  L.  200-700  n  (400);  occasional;  body  elongate  with  narrow, 
flexible  neck-like  extension  anteriorally;  nucleus  moniliform;  contractile  vacuoles  numerous. 

7.  CkUidoH  cucuUidus  Miill.  70-150  /i  (110);  occasional;  oral  I4>erture  located  in  central 
part  of  body;  contractile  vesicles  numerous. 

8.  Trichoda  pura  Ehrbg.  30-45  /i  (35);  occasional;  endoplasm  very  transparent  showing 
central  oval  nucleus;  movements  very  rapid. 

9.  Glaucoma  scintiUans  Ehrbg.  40-100  n  (55);  common;  oral  aperture  near  anterior 
extremity  with  small  vibrating  membrane;  movements  very  rapid. 

10  LoxopkyUttm  flexUis  Stokes.  70-150  ft  (115);  rare;  nucleus  moniliform;  body  an- 
teriorly pointed. 

11.  Uronema  marina  Duj.  22-40  m  (30);  occasional;  body  ovate  with  a  single  posterior 
seta;  oral  aperture  ventral  with  small  membrane. 

12.  Colpidium  striatum  Stokes.  45-75  /i  (60);  abundant;  nucleus  central;  a  posterior  con- 
tractile vacuole;  pharynx  ventral  with  small  undulating  membrane. 

13.  Cotpoda  cucidlus  Stein.  30-50  /i  (35);  extremely  abundant;  nucleus  central;  con- 
tractile vacuole  posteriorly  located;  distinct  groove  ventrally. 

14.  Cotpoda  sapropkUa  Stokes.  25-40  m  (30);  abundant;  ventral  border  anteriorly 
notched;  recurved  phamyx  very  conspicuous;  wide  ventral  groove.  (This  species  is  desig- 
nated as  "TiUina  saprophila'*  by  Stokes.) 

15.  Metopus  sigmoides  Clap.  &  Lach.  90-160  m  (120);  occasional;  body  very  contractile; 
contractile  vacuole  terminal;  several  long  terminal  setae. 

16.  Paramoecium  trichium  Stokes.  65-100  ft  (85);  rare;  broad  oral  groove;  double  con- 
tractile vacuole  at  anterior  extremity;  nucleus  oval  and  centrally  located. 

17.  Btepharisma  (Apgaria)  ovata  (?)  Stokes.  80-150  m  (100);  rare;  body  much  flattened; 
anterior  end  acute;  membrane  covering  lower  part  of  peristome  sometimes  visible. 

18.  Cydidium  gtaucoma  Ehrbg.  18r-30  m  (22);  very  abundant;  body  covered  with  long 
rigid  dlia;  hood-like  membrane  covers  oral  aperture;  movements  are  darting  and  eccentric 
in  nature. 

19.  Pteuronema  ckrysalis  Ehrbg.  (Stein).  30-70  ^  (45) ;  occasional;  body  curved;  a  promi- 
nent undulating  membrane  extends  from  large  the  furrow-like  peristome. 
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PLATE  4 
CiLiATA  (Continued) 

1.  HaUeria  prwndindla  O.  F.  MOlL  25-35  /i  (50);  common;  setae  fine  and  long;  move- 
ments springing  and  erratic. 

2.  Sirombidium,  Clap.  &  Lach.  sp.  Conn  (?).  50-60  m  (40);  rare;  like  halteria  but  has 
no  bristles;  movements  very  rapid  and  erratic. 

3.  Oxyirichia  peUoneUa  Miill.  70-100  m  (80);  common;  2  oval  nudd;  2  anterior  and  5 
anal  styles. 

4.  Uroleptus  dispar  (?)  Stokes.  125-200  n  (150);  occasional;  body  elongate,  oblan- 
ceolate  and  elastic;  double  ovate  nucleus;  3  frontal  and  no  posterior  styles. 

5.  StyUmickia  mytiUs  Ehrbg.  100-200  /i  (155);  common;  (ventral  view);  8  frontal,  5 
ventral  and  5  anal  styles  and  3  posteriorly  placed  setae. 

6.  Eupiotes  charon  MOIL  Ehrbg.  70-100  /i  (80);  occasional;  (dorsal  view);  7  frontal 
and  3  ventral  styles;  nucleus  ribbon-like. 

7.  Aspidisca  cosiata  Duj.    30-50  n  (35);  occasional;  nucleus  curved  and  ribbon-like. 

8.  VorHcdla  striata  Duj.  55-45  /i  (40);  common  in  soil  as  are  many  other  q>ecies  of 
vorticella;  striae  prominent. 

son.  ALGAE  AND  DIATOMS 

9.  Protoeoccus  viridis  Ag.  5-20  n;  common;  color  green  to  red;  cells  single  or  in  small 
dusters. 

10.  Clostmum  sp.  (?).    75  n;  occasional;  color  green. 

11.  Nastoc  sp.  (?)  Cell  diam.  4-6  n;  diam.  of  heterocysts  and  spores  8^10  n;  occasional; 
filaments  bluish  green  in  color  and  enclosed  in  a  gelatinous  sheath. 

12.  Ulotkrix,  sp.  (?)  Cell  diam.  6-10  n;  rare;  filaments  simple  and  articulate;  cell  con- 
tents  green  and  cell  membrane  thin. 

15.  Botryococcus  sp.  (?)  7-14  m  diam.;  occasbnal;  cells  oval  to  spherical  with  thin  con- 
fluent tegument;  masses  of  cells  densdy  packed  forming  a  botryoid;  color  light  green. 

14.  Tetraspora  sp.  (?)  Cell  diam.  4-10  /«;  occasional;  cells  angular  to  spherical;  usually 
arranged  in  tetrads;  gelatinous  sheath  sometimes  present 

15.  Chrodcoccus  cohoerens  (?) .  Naeg.;  5-6  m  diam.;  occasional;  solitary  or  in  small 
groups;  gelatinous  sheath  usually  present. 

16.  Navicida  rkyncocephara  (?)  40  n;  occasional;  valves  symmetrical  and  boat  shaped; 
raph6  straight  with  conspicuous  medial  nodule. 

17.  Stauroneis,  sp.  (?)  45  n;  occasional;  valves  symmetrical;  there  is  a  dear  area  along 
the  raph6  which  also  extends  up  transversely  from  the  medial  nodule  giving  the  ai^>eaianoe 
of  a  cross. 

18.  Diaioma  vtdgare  (girdle  view);  45  m;  nre;  frustules  attached  by  their  angles  forming 
jdgzag  chains;  values  elliptical-lanceolate  and  lined  with  fine  striae;  there  is  a  longitudinal 
pseudo-raph^. 
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THE  REACTION  OF  THE  SOH.  AS  INFLUENCED  BY  THE 
DECOMPOSITION  OF  GREEN  MANURES^ 

L.  P.  HOWARD 

Rhode  Iskmd  AgricidUtral  ExperimefU  SUUion 

Reedved  for  pobUcation  December  10, 1919 

INTRODUCTION 

A  common  idea  associated  with  the  practice  of  green  manuring  is  that  the 
soil  tends  to  grow  more  acid.  This  idea  is  a  result,  perhaps,  of  the  ancient 
and  still  existing  controversy  relative  to  the  existence  of  the  so-called  himiic 
adds,  and  to  a  belief  that  these  acids  result  from  a  decomposition  of  organic 
residues  from  green  manures  or  other  sources. 

Temple  (14)  has  raised  the  question  as  to  what  the  effect  of  green  manures 
is  on  soil  acidity.  From  his  work  on  nitrification  after  the  addition  of  large 
amoimts  of  organic  acids,  he  concludes  that  injury  due  to  the  accumulation  of 
organic  acids  in  arable  soils  is  very  doubtful. 

Hall  (6)  cited  work  at  Rothamsted  to  show  that  the  per  cent  of  calcium  in 
the  first  9  inches  of  soil  decreased  where  an  annual  application  of  14  tons  of 
manure  per  acre  had  been  made. 

Bear  and  Salter  (2)  showed  that  the  lime  requirement  of  manure  plats 
became  less  than  that  of  the  check  plats. 

Hill  (8)  cited  work  of  Laurent  indicating  that  the  harmful  effects  of  green 
manure  result  from  an  accimiulation  of  organic  acids. 

Ames  and  Schollenberger  (1)  have  shown  by  pot  experiments,  conducted 
with  soil  taken  from  an  uncultivated  field,  that  the  application  of  legumes  and 
non-legumes  in  either  dry  or  green  state,  has  decreased  the  lime  requirement  as 
indicated  by  the  Hopkins  method.  The  dry  application  was  more  effective 
than  the  green. 

White  (15)  found  that  when  green  manures  and  soil  were  kept  in  jars  the 
lime  requirements  were  less  than  with  the  soil  alone  at  the  end  of  the  first 
fortnight,  and  more  at  the  end  of  the  second  fortnight. 

This  brief  review  of  the  literature  serves  to  indicate  that  the  quantitative 
evidence  for  or  against  this  question  is  very  limited. 

At  the  Rhode  Island  station  there  are  plats,  which,  by  their  similarity  of 
treatment  in  the  past,  offer  opportunity  for  such  a  study  and  it  is  the  purpose 
of  this  paper  to  present  such  information  as  has  been  secured. 

>  Contribution  265  from  the  Agricultural  Experiment  Station  of  the  Rhode  Island  State 
College. 
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HISTORY  OF  THE  FIELD  EXPERIMENT 

On  an  acre  of  land,  corn  has  been  grown  continuously  since  1894  with  uni- 
form applications  of  only  chemical  manures  as  a  source  of  plant-food.  After 
a  few  years  the  plan  of  the  experiment  was  modified  so  that  a  comparison  be- 
tween a  legume  and  a  non-legimie,  as  a  means  of  maintaining  the  soil  hmnus, 
might  be  made.  At  the  time  of  the  last  cultivation  of  the  com,  each  season, 
one-quarter  was  for  years  usually  sown  with  crimson  clover,  while  another 
quarter  was  sown  to  rye.  The  intermediate  quarter  served  as  a  check  plat. 
This  practice  was  followed  imchanged  until  recent  years  when  the  legiune 
seeding  was  modified  to  include  other  legumes  beside  the  crimson  clover. 
Lime  was  added  in  1899  at  the  rate  of  one  ton  of  slaked  lime,  in  1911  at  the 
rate  of  1500  pounds  of  calcium  oxide  in  slaked  lime,  and  in  1914  at  the  rate  of 
1  ton  of  ground  limestone  (7). 


FACTORS  INFLUENCING  THE  REACTION 

In  the  following  paragraphs  are  considered  the  factors  which  operate  on 
the  various  plats  to  influence  the  reaction  of  the  soil. 

A.  The  removal  of  soluble  bases  and  acids  by  leaching.  This  depends  mainly 
upon  seasonal  conditions.  The  leaching  from  the  check  plat  may  serve  as  an 
index  of  the  magnitude  of  this  factor,  except  as  influenced  by  the  cover  crops. 

B.  The  removal  of  acids  and  bases  by  cropping.  The  sizes  of  the  crops  removed 
during  the  first  years  of  the  experiment  were  not  markedly  different.  The 
difference  has  become  accentuated  in  later  years. 

The  following  statement  shows  the  amounts  of  com  and  stover  removed 
from  a  quarter  acre  from  1897  to  1914: 


Ear  com  (bushels) . 
Stover  (tons) 


UEOUICEPLAT 


210.1 
8.02 


CHECK  PLAT 


153.9 

6.61 


163.5 
7.32 


We  may  well  ask  the  question  as  to  the  amounts  of  acids  and  bases  removed 
by  cropping,  and  what  the  variation  has  been  in  the  various  plats.  The  cal- 
culations are  based  upon  the  following  estimated  analysis  of  field-cured  com: 


^trogen 

Phosphoric  add. . 

Sulfuric  oxide 

Chlorine 

Potassium  oxide. . 

'  Calcium  oxide 

Magnesium  oxide 


BAR  COKN 

CO&KBTOVXR 

percmi 

p9rC4lU 

1.1 

0.8 

0.6 

0.4 

0.3 

0.2 

0.1 

0.5 

0.4 

1.3 

0.2 

o.s 

0.2 

0.3 
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The  adds  are  calculated  from  the  nitrogen,  phosphorus,  sulfur  and  chlorine 
removed,  and  the  bases  from  the  potassium,  calcium  and  magnesium.  These 
are  the  most  important  elements  in  a  consideration  of  the  acids  and  bases. 
It  is  assumed  that  the  nitrogen  entered  the  plant  from  the  soil  fully  oxidized, 
and  that  each  atom  of  phosphorus  was  equivalent  to  an  atom  of  calcium. 
Silicon  is  omitted  because  its  reaction  is  so  mild.  The  calculations  show  that 
an  excess  of  acidic  over  basic  ions  was  removed.  The  relation  is  brought  out 
by  the  following: 

Removal  by  cam,  equiwdent  to  pounds  of  calcium  oxide 


BASES  SZUOVID 

OVU  BASIS 
KEICOVXD 

1  bufthcl  far  com  (70  pounds) 

2.075 
49.04 

0.502 
53.82 

1.573 

1  ton  stover 

15.22 

Total  excess  acids  over  bases  removed  per  quarter  acre,  18^  to  1914 


LBOUMBPIAT 

CHXCKPLAT 

KYS  FLAT 

By  car  com 

331 

122 

242 
101 

257 

By  stover 

HI 

Total 

453 

343 

368 

These  figures  serve  to  indicate  the  amounts  of  soluble  salts  which  were  re- 
moved, and  the  relation  of  adds  to  bases.  The  difference  between  the  check 
and  other  plats  tends  toward  a  conservation  of  soil  bases  and  in  reality,  a  re- 
duction in  the  acidity.  The  reduction  due  to  this  consideration  should  be 
more  marked  on  the  legimie  area. 

C.  Addition  of  fertilizers.  The  addition  has  been  the  same  on  the  three 
areas,  except  that  beginning  with  1915  the  legume  plat  has  received  a  smaller 
amount  of  nitrogen. 

D.  Decomposition  of  organic  maiter.  Any  difference  in  the  plats  may  be 
attributed  to  this  factor;  that  is,  the  fluctuations  in  the  reaction  on  a  given 
plat  will  be  the  resultant  of  the  factors  {A  +  B  +  C  +  D)  which  are  being 
considered;  A,  B  and  C  being  factors  operating  about  the  same  on  the  different 
plats  while  the  factor  D,  due  to  the  decomposition  of  organic  matter,  is  the 
variable  on  which  differences  in  the  reaction  of  the  legume  and  rye  plats  may 
be  conceived  to  depend. 

PLAN  OF   THE  PRESENT  EXPERIMENT 

The  plan  as  followed  consisted  in  sampling  the  soils  at  various  periods  dur- 
ing the  season  to  follow  changes  in  acidity,  and  likewise  in  organic  matter. 
It  also  seemed  desirable  to  supplement  the  changes  in  the  field  with  those  which 
would  occur  in  the  laboratory. 
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Soil  samples  and  treaUnetU.  Twelve  borings  12  indies  deep  were  taken  from 
each  plat  with  a  soil  sampler  made  of  2-indi  pipe.  The  samples  were  brought 
to  the  laboratory  and  weighed,  partially  air-dried,  mixed,  sub-sampled  and 
passed  through  a  2-mm.  sieve.  The  determinations  were  made  immediately 
on  the  partially  air-dried  soil.  Moisture  determinations  were  made  and  all 
anal3rses  recorded  on  dry  soil  finer  than  2  mm.  Some  of  the  soil  was  dried 
more  thoroughly,  and  stored  in  sealed  jars  for  work  done  subsequently. 

Loss  on  ignition.  The  soil  was  dried  at  lOO^C.  for  24  hours  and  then  ig- 
nited to  constant  weight.  This  loss  on  ignition  includes,  besides  organic  matter, 
especially  water  of  hydration.  It  is  believed,  however,  that  on  these  soils 
the  differences  are  largely  attributable  to  the  organic  matter. 

Reaction  of  the  soil,  (a)  As  indicated  by  lime-requirement  methods.  Dur- 
ing the  season  of  1915  the  Maclntire  (13)  and  Jones  (11)  methods  were  used. 
In  1916  the  ammonia  method  was  used.  Later  the  requirements  of  the  stored 
samples  were  determined  also  by  the  ammonia  method  (10).  (b)  As  measured 
by  the  concentration  of  hydrogen  ions.  In  this  work  the  colorimetric  pro- 
cedure of  Gillespie  was  followed,  using  the  sulf on  ephthalein  indicators  (5)  and 
phthalate  buffer  solutions  of  Lubs  and  Clark  (3).  These  determinations  were 
made  only  on  the  stored  soil  samples. 

WORK  ON  THE  FRESH  SAMPLES  TAKEN  IN  THE  FIELD  IN  1915 

At  the  time  of  plowing  for  the  com  in  the  spring  of  1915  (May  18),  the 
legume  plat  was  well  covered  with  vetch  but  the  crimson  clover  was  almost 
entirely  winter-killed;  the  non-legume  plat  was  well  covered  with  rye.  The 
average  height  of  the  rye  at  the  date  of  plowing  was  3  feet.  The  weight 
of  the  green  crop  from  1  square  yard  was  3.7  pounds  of  the  legimie  and  1.3 
pounds  of  the  rye. 

Soil  samples  were  taken  at  frequent  intervals  from  the  date  of  plowing,  and 
the  lime  requirements  measured  by  the  Jones  and  Maclntire  methods.  The 
fluctuations  as  indicated  by  these  methods  are  recorded  in  table  1. 

In  table  1  it  is  seen  that  with  the  Maclntire  method  the  requirement  of 
the  check  plat  increases  slightly  around  the  first  of  August  and  then  dimin- 
ishes so  that  the  initial  and  final  acidities  are  not  very  different.  On  the  rye 
area  the  same  mid-season  increase  takes  place  but  the  decrease  in  the  latter 
part  of  the  season  is  more  marked  and  finally  becomes  quite  decided.  In  oppo- 
sition to  the  other  two  plats,  the  legume  plat  shows  a  decrease  on  August  13. 
This  was  followed  by  an  increase  so  that  the  determinations  compare  fairly 
well  in  the  fall  with  those  recorded  early  in  the  season. 

The  Jones  method  detected  only  a  slight  variation,  from  which  no  positive 
statements  are  justified. 

It  has  been  shown  in  a  former  publication  (9)  that  under  closely  regulated 
conditions  the  Maclntire  method,  as  modified,  would  yield  requirements  in 
which  the  probable  error  of  a  given  determination  was  62.6  pounds  CaO  per 
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2|000,000  poiinds  of  soil.  With  the  Jones  method,  duplicate  requirements 
varied  from  each  other  by  150  pounds  CaO  per  2,000,000  pounds  of  soil.  By 
the  ammonia  method  a  number  of  determinations  showed  that  the  probable 
error  coi|Id  be  reduced  to  90  pounds  of  CaO  per  2,000,000  poimds  of  soil. 

The  error  in  sampling  the  soil  is  shown  by  the  fact  that  the  range  in  the 
requirement  of  five  samples  taken  from  the  legimie  plat  on  September  21, 
1915,  as  measured  by  the  Maclntire  method,  was  22  pounds  CaO  per  2,000,000 
pounds  of  soil  or  well  within  the  limits  of  error  of  the  method  itself. 

TABLE  1 
CaO  requirement  per  3,000,000  pounds  soil  finer  than  2  mm. 


DATS  or  SAMPUirO 


i9i5 

June  4 

June  10 

June  21 

June  30 

July  10 

July  31 

August  13 

August  27 

September   9 

Sq>tember21 


M ACIMTDUE  METHOD 


Check 


At. 
3276 


3393 
3150 
3486 
3612 
3237 
3360 


Rye 


At. 
3092 
3276 
3335 
3066 
3528 
2889 
3864 
2721 
1981 


Legume 


Of. 
4175 
4242 
3966 
4301 
4536 
4578 
3270 
3723 
4253 
4091 


JONXS  MXTHOD 


Check 


Ibi, 


1296 
1188 
1296 


Rye 


lbs. 
1263 
1350 
1350 
1361 
1296 


Legume 


At. 
1620 
1738 
1620 
1512 
1944 


WORE  ON  THE  FRESH  SAMPLES  TAKEN  IN  THE  FIELD  IN  1916 

The  crops  on  the  legume  plat  were  largely  winter-killed;  the  alfalfa  and  sweet 
clover  of  the  mixture  were  alive  but  had  produced  only  a  small  growth.  Fluc- 
tuations occurring  on  this  plat,  therefore,  depended  largely  upon  organic  resi- 
dues which  had  accumulated  during  the  previous  20  years. 

The  non-legume  plat  was  well  covered  with  rye  but  the  size  of  the  crop  was 
below  normal.  The  average  height  was  2  feet.  The  green  weight  of  rye,  cut 
from  1  square  yard  just  before  plowing  on  May  18,  was  1.4  pounds. 

It  was  noticed  in  1916  during  the  process  of  sampling  that  although  the 
check  and  rye  areas  appeared  quite  similar  and  uniform,  more  variations  ex- 
isted on  the  legume  plat.  This  plat  slopes  gently  to  the  north  and  the  varia- 
tion in  depth  of  surface  soil  is  from  6.5  inches  on  the  south  to  9  inches  on  the 
north.    The  average  depth  of  the  surface  soil  of  the  three  sections  was: 

inektt 

CSieck 6.0 

Rye 7.75 

Legume ..." 7.0 

The  weight  of  1  cubic  foot  of  soil,  on  May  9, 1916,  was: 

founds 

Check 103.0 

Rye 105.4 

Legume 106.2 
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The  weight  of  15  borings,  12  inches  deep  (as  sampled)  was: 


DATE  or  SAMVLINO 


J916 


April  25. 
May  2. 
May  9. 
May  31. 


lbs. 
31.0 
30.5 
31.0 
27.5 


RYX 


Of. 
29.5 
29.5 
29.0 
26.8 


UOTTIfZ 


28.0 
27.8 
29.0* 
26.0 


*  22.5  per  cent  moisture. 

Table  3  shows  during  the  field  experiment  an  increase,  or  less  decrease,  in 
organic  matter  due  to  the  cover  crops,  and  that  the  tendency  was  toward  a 
progressive  decrease  in  organic  matter  from  the  date  of  plowing  to  the  end  of 
the  season.  If  the  averages  are  accepted  as  a  criterion,  it  may  be  said  that 
during  the  field  experiment,  the  rye  cover  crops  had  increased  the  per  cent  of 
organic  matter  in  the  soil  by  0.17,  and  the  legimie  cover  crops  by  0.70. 

TABLE  2 
Variation  in  the  per  cent  of  soil  finer  than  2  mm. 


DAT!  or  SAIIPUNO 


1916 


April  13. 
April  25. 
May  2. 
May  9., 
May  31. 
June  5.. 
June  14. , 
June  20. , 


P^unt 

p.rcmu 

pwcma 

92  A 

92.9 

92.5 

96.0 

96.5 

95.9 

92.5 

96.0 

94.1 

93.1 

96.9 

96.7 

93.3 

95.9 

95.2 

93.2 

95.1 

96.7 

92.8 

94.1 

97.1 

94.2 

95.6 

97.1 

TABLE  3 
Differences  in  organic  matter  as  indicated  by  the  per  cent  of  loss  on  ignition 


April  13... 
May  18... 
May  31... 

June   5 

June  14. , . 
June  20. . . , 

July7 

August  24. 


DATS  or  SAICPUNO 


Average . 


1916 


4.37 


4.54 


percent 

peruiU 

per  ant 

4.31 

4.52 

5.25 

4.46 

4.56 

5.04 

4.42 

4.62 

5.20 

4.37 

4.64 

5.00 

4.40 

4.57 

5.02 

4.43 

4.53 

5.10 

4.33 

4.49 

4.95 

4.25 

4.42 

4.97 

5.07 
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TABLE  4 

Pluduatiims  in  the  acidity  of  the  field  samples  soon  after  sampUngy  as  determined  by  the  ammonia 

method 


WOE  or  lAimnio 


J916 


April  13. . . 
April  25... 
May  2..., 
May  9.... 
May  18*... 
May  31.... 
June  Sf... 
June  14.... 
June  20.... 

July7 

August  24. 


UQunmiiRS  Of  CaO  m  3,000,000  pouxm 

or  loxL 

Check  plat 

Rye  plat 

Legume  plat 

lbs. 

lbs. 

lbs. 

3280 

3140 

5128 

2954 

2854 

4266 

3515 

3603 

5249 

3649 

3654 

4924 

3295 

3040 

3814 

3745 

3866 

5758 

3442 

3247 

4985 

2954 

2856 

4435 

3072 

3073 

3226 

3286 

4423 

3269 

2994 

4433 

Note:  The  amounts  recorded  represent  the  average  of  triplicate  detenninations. 

*  Just  before  plowing. 

t  On  this  date  the  soil  contained  a  large  amount  of  ammoniacal  nitrogen  as  indicated  by 
the  blank  determination.  It  was  then  equivalent  to  an  average  lime  requirement  of  669 
pounds.    With  the  exception  of  May  31,  other  blanks  were  negligible. 

DECOMPOSITION  IN  LABOSATORY-TREATED  SOILS  IN  1916 

The  decomposition  under  field  conditions  is  associated  with  a  great  many 
factors  which  are  extremely  difficult  to  estimate.  Inasmuch  as  the  size  of 
the  green  crops  returned  to  the  soil  was  below  normal  in  the  spring  of  1916,  it 
seemed  desirable  to  supplement  the  field  studies  with  laboratory  studies 
carried  on  at  the  same  time,  so  that  the  application  of  green  material  could 
be  increased  and  thereby  accentuate  any  changes  which  might  occur. 

Accordingly,  102  borings  12  inches  deep  were  taken  from  the  check  plat. 
The  soil  and  subsoil  were  kept  separate.  Each  of  three  Wiley  pots,  12  inches 
in  diameter  and  depth,  was  filled  beneath  with  26  pounds  of  subsoil  and  above 
with  a  layer  of  35  pounds  of  surface  soil. 

One  pot  received  634  gm.  of  finely-cut,  fresh  red  clover,  of  which  135  gm. 
were  roots  and  499  gm.  were  tops.  Another  pot  received  the  same  amount  of 
rye  in  which  the  ratio  of  roots  to  tops  was  3  to  5.  The  third  pot  received  no 
organic  matter.  The  mixtures  were  kept  thoroughly  stirred  and  a  moisture 
content  of  25  per  cent  was  maintained. 

The  figures  in  table  5  indicate  that  during  the  period  studied,  rye  produced 
an  add  condition  equivalent  to  about  500  pounds  CaO  per  acre,  over  that 
indicated  by  the  check  pot.  The  pot  receiving  clover  showed  a  slightly  in- 
creased acidity  but  not  so  marked  as  that  indicated  by  rye.    Ammonification 

•ctsL  lamcBi  TOL.  zz,  kg.  1 
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proceeded  in  the  case  of  each  green  manure.  The  percentage  of  organic 
matter  as  indicated  by  loss  on  ignition  was  materially  increased.  The  decom- 
position of  clover  proceeded  more  rapidly  than  that  of  rye. 

TABLES 
FluduaUans  in  the  loss  an  ignUion  and  in  ike  acidity  of  the  pot  samples  soon  after  sampling 


1916 


May  25. 


July  25. 


September  12. 


December  16. 


Original  soil 

Check 

Rye 

Clover 

Check 

Rye 

Clover 

Check 

Rye 

Clover 


LOSS  oir 

lOMinON 


ptTe§tU 
4.80 

4.81 
5.70 
5.50 

4.83 
5.40 
5.18 

4.79 
5.20 
5.01 


BLANK  NHl 
IN  25  OK. 

son. 


0.05 

0.68 
0.68 
0.68 

0.15 
1.00 
1.80 

0.07 
0.54 
.0.41 


NHiiz- 

TAIlffSD  BY 
25  QM.  SOIL 


14.42 

14.62 
16.25 
15.44 

15.02 
17.45 
16.04 

15.23 
17.20 
15.91 


CbOpsk 

3.ooo,ooa 

FOUMDS 
SOIL 


2848 

2888 
3210 
3050 

2967 
3447 
3168 

3008 
3397 
3143 


SOIL  CHANGES  IN  1915  AND  1916  AS  EXHIBITED  BY  THE  DRIED  STORED  SAMPLES 

This  work  on  the  samples  collected  over  a  period  of  two  years  shows  that 
variations  are  maintained  in  the  dried  soils,  as  manifested  in  their  ability  to 
retain  di£Ferent  amounts  of  ammonia.  In  the  1915  samples  a  di£Ferenc  e  ex- 
isted between  the  initial  and  final  acidity  of  the  check  as  compared  with  those 
of  the  plats  receiving  organic  matter,  which  relatively  would  credit  the  rye 
with  increasing  the  requirement  equivalent  637  pounds  of  CaO,  while  the  in- 
crease due  to  the  legume  would  be  942  poimds  of  CaO. 

During  the  1916  season  the  amoimt  of  green  manure  added  in  legumes  was 
so  slight  that  any  variation  in  that  year  must  be  attributed  to  the  addition 
of  organic  matter  in  former  years.  The  rye  plat  exhibited  a  net  increase  of 
65  poimds  of  CaO,  while  the  legume  plat  recorded  a  net  decrease  of  236  pounds 
of  CaO.  Both  quantities  have  little  significance,  inasmuch  as  they  approach 
the  error  limits  of  the  method,  and  because  of  fluctuations  between  near 
periods  of  sampling. 

The  net  result  over  the  period  of  2  years  indicates  a  decreased  acidity  except 
in  the  legume  plat.  The  net  difference  between  check  and  non-legume  as 
compared  with  that  between  check  and  legume,  suggests  that  the  rye  caused 
an  increased  requirement  of  33  pounds  while  the  legiune  caused  an  increase  of 
370.  As  has  been  stated,  the  last  application  of  lime  was  made  in  the  spring 
of  1914  in  1  ton  of  finely  groimd  limestone  per  acre.  This  fact  may  have  some 
significance  when  considering  net  changes  in  lime  requirement  even  during 
1915  and  1916. 
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TABLE  6 
FUicUuiUons  in  acidUy  in  sails  stared  aver  a  period  cf  2  years,  as  indicated  by  the  ammonia  method 


DAtX  or  SAMPUMO 


1915 

June   4 

June  10 

June  21 

June  30 

July  10 

July  31 

August  13 

August  27 

September  21 

1916 

Aprfll3 

April  25 

May   2 

May  9 

May  19 

May  31 

June   5 

June  14 

June  20 

Jiily7 

August  24 


KiQunsmMT  or  CaO  pek  3,000,000  poumss  or 

SOIL  nMBR  1HAH  2  MK . 


Check  pUt 

Rye  put 

L««uinepUt 

Of. 

Of. 

Of. 

2686 

2518 

3559 

2988 

3962 

2686 

2821 

3559 

2250 

2921 

3727 

2418 

3056 

3761 

2250 

2753 

3559 

2686 

4063 

4101 

2418 

2586 

3559 

1914 

2383 

3729 

2383 

2183 

3862 

2047 

2418 

3358 

2317 

2686 

3761 

2250 

2686 

3425 

2383 

3358 

2921 

2686 

2921 

2686 

4154 

2388 

2753 

3559 

2988 

3727 

2518 

2383 

3761 

TABLE  7 
Seasonal  variation  in  the  CaO  requirement  and  the  relation  affinal  to  initial  requiremeni,  as  given 

in  table  6 


June  4  to  September  21,  1915 

September  21,  1915,  to  April  13,  1916 

April  13  to  August  24,  1916 

June  4, 1915  to  August  24, 1916 


mrcTUAiiON  «  CaO 

SBQUXIEHXNT 


FINAL,  AS  COMPAAXD  WltS 
nmiAL  CaO  KIQUIUMKMT 


Check 


ths. 
772 

874 


Rye 


fbi. 
1680 

805 


Legume  Check 


600 
796 


Of. 

-772 

469 

135 

-168 


Rye 


-135 

-200 

200 

-135 


Leffame 


At. 
170 
133 

-101 
202 


THE  HYDROGEN-ION  CONCENTRATION  IN  THE  SOILS 

It  is  to  be  regretted  that  the  true  reaction  of  the  soil  solution,  as  measured 
by  the  hydrogen-ion  concentration,  has  not  received  more  attention.  The 
question  may  well  be  raised,  however,  as  to  the  relation  which  the  hydrogen- 
ion  concentration,  measured  by  making  an  aqueous  extract  in  colorimetric 
work,  and  a  suspension  in  electrometric  work,  bear  to  the  concentration  of 
hydrogen  ions  in  the  true  soil  solution. 
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Whatever  the  relation  may  be,  it  is  obvious  that  if  a  high  concentration  of 
hydrogen  ions  is  recorded  in  the  aqueous  extract,  the  concentration  will  be  as 
great  or  greater  in  ^e  true  soil  solution  with  which  the  plant  is  associated. 


TABLES 
Hydrogen4on  cancentration  in 

the  sails  after  storage 

DATBAAMPLBD 

SOIL 

PH 

H' 

Field  acnls 

1915 

June  4 

July  10 

August  13 

September  9. . . . 

June  4 1  — 

August  13 

September  9. . . . 

June  4 

July  31 

August  13 . 

September  21... 

19J6 

April  25 

May  31 

June  14 

August  24..;. .. 

Aprill3 

June  14 , 

July7 

August  24 

May  19 

June   5 

June  14 

August  24 


Check 
CSieck 
Check 
Check 

Rye 
Rye 
Rye 

Legume 
Legume 
Legume 
Legume 

Check 
Check 
Check 
Check 

Rye 
Rye 
Rye 
Rye 

Legume 
Legume 
Legume 
Legume 


6.0 
6.0 
6.0 
6.0 

6.1 
5.8 
6.4 

6.0 
5.9 
6.0 
6.0 

6.2 
6.1 
5.9 
6.1 

6.3 
5.9 
6.0 
6.2 

5.8 
5.8 
5.9 
6.0 


1.0  X  io-« 
1.0  X  io-« 
1.0  X  io-« 
i.oxio-* 

0.8  X  10-« 
1.6  X  10-« 
0.4  X  10-« 

1.0X10-* 
1.2  X  10-« 
1.0  X  10-« 
1.0  X  io-« 

0.6  X  10-« 
0.8  X  10-« 
1.2  X  10-« 
0.8  X  10-« 

0.5  X  10-« 
1.2  X  10-« 
1.0  X  10-« 
0.6  X  10-« 

1.6  X  10-« 
1.6  X  10-« 
1.2  X  10-« 
1.0  X  io-« 


Pot-treated  soils 


1916 


December. 


1.2-  10-« 
1.2-  10-« 

1.2  -  ia-« 


The  results  here  recorded  in  table  8  are  with  the  dried  soils,  and  conse- 
quently an  acidity  due  to  the  easily  volatile  acids,  which  might  have  been 
measured  in  the  moist  soil  at  the  time  of  sampling,  does  not  enter  into  the 
reaction. 
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It  is  seen  that  the  concentration  of  hydrogen  ions  from  the  three  plats  sam- 
pled in  1915  shows  variations  in  pH  of  from  5.8  to  6.4.  The  greatest  variation 
occurs  in  samples  from  the  rye  plat,  the  other  two  plats  remaining  more  con- 
stant. It  is  significant  that  with  the  rye  plat  the  variations  in  concentration 
of  hydrogen  ions,  follow  in  a  general  way  the  fluctuations  in  the  lime 
requirement. 

In  1916  a  midsummer  increase  as  compared  with  final  acidity  is  seen  in 
each  soil,  and  the  legume  plat  was  the  only  one  to  show  a  higher  initial  than 
final  addity. 

The  final  reaction  of  pot-treated  soils  appears  to  have  been  unaltered  by  the 
addition  of  organic  matter. 

GENERAL  DISCUSSION 

In  the  absence  of  records  of  soil  temperatures  and  soil  moisture/ the  mean 
air  temperature  and  the  precipitation  may  be  considered  briefly  in  connection 
with  the  acidity  fluctuations  in  the  field  soil,  relying  chiefly  on  the  determi- 
nations obtained  with  the  fresh  soil.  In  1915,  8  days  prior  to  taking  the  first 
sample  on  June  4,  there  had  been  no  rain  and  an  average  mean  temperature 
of  48^F.  June  had  an  average  mean  temperature  of  59^  and  a  precipitation 
of  1.36  inches,  accompanied  by  no  marked  changes  in  acidity.  During  the 
first  9  days  in  July  more  rain  fell  than  during  all  of  June  but  the  mean  temper- 
ature had  not  changed  much.  A  small  increase  in  acidity  was  general.  There 
was  only  0.72  inch  of  rainfall  during  the  remainder  of  July,  and  on  the  thirty- 
first,  as  a  rule,  no  marked  change  in  acidity  was  recorded.  In  the  first  12 
days  of  August,  5.2  inches  of  rain  fell,  accompanied  by  a  mean  temperature  of 
63**.  On  August  13,  with  the  exception  of  the  legume  plat,  which  had  already 
reached  the  maximum,  the  highest  acidity  was  recorded,  and  by  the  twenty- 
seventh  the  tendency  was  generally  downward  so  that  in  no  case  was  there  a 
greater  acidity  at  the  close  of  the  season,  which  was  dry,  than  at  the  beginning. 

In  1916,  the  sampling  was  begun  much  earlier  than  in  1915,  namely,  on  April 
13,  as  soon  as  the  frost  was  out  of  the  soil.  There  was  a  fair  prospect  with  the 
rye,  but  the  legiunes  were  practically  a  failure.  The  lime  requirement  of  the 
legume  plat  proved  to  be  about  a  ton  of  caldum  oxide  greater  than  that  of  the 
other  two  plats.  During  the  succeeding  12  da}^,  2.6  inches  of  rain  fell  and 
the  acidity  dropped  a  few  hundred  pounds,  which  may  have  been  due  to  leach- 
ing. Although  during  the  following  7  days  1.7  inches  of  rain  fell,  the  previous 
drop  in  acidity  had  been  fully  offset,  as  is  shown  by  the  determinations  of 
May  5  and  9.  There  were  4.6  inches  of  rainfall  during  the  remainder  of  the 
month,  over  an  inch  of  which  fell  2  da3rs  before  the  May  31  samples  were  taken. 
The  highest  addity  of  the  summer  had  then  been  reached;  whereas,  the  lowest 
acidity  and  highest  ammonia  formation  was  recorded  on  June  5,  about  another 
inch  of  rain  having  fallen  in  the  meantime.  The  temperature  between  May 
24  and  June  4  was  fairly  uniform,  with  a  mean  of  57®.    The  plats  were  plowed 
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May  18,  fertilized  May  23,  and  planted  May  25.  Samples  of  soil  were  also 
collected  on  June  14  and  20  and  July  7,  but  only  a  moderate  increase  in  acidity 
was  revealed  by  their  examination.  Over  6  inches  of  rain  had  fallen  during 
the  period  since  June  4,  and  heavy  rainfall  continued  throughout  the  remainder 
of  July.  The  driest  period  of  the  summer  was  during  the  last  half  of  August 
The  mean  temperature  in  August  was  65^.  One  more  lot  of  samples  was  taken 
on  August  20  but  not  much  change  in  addity  was  registered.  There  had  been 
no  net  increase  in  acidity  over  that  shown  on  April  13.  Below  are  given  the 
average  of  the  mean  daUy  temperatures,  and  the  rainfall  in  inches  during  the 
warmest  four  months. 


Mean  temperature  O  < 


Predpitation  (in.). 


MAY 

JUHI 

JULY 

AU0U8T 

1915 

50.5 

59.4 

65.1 

63.7 

1916 

51.0 

56.7 

64.0 

65.0 

1915 

2.64 

1.36 

2.28 

7.74 

1916 

4.80 

5.77 

11.75 

2.77 

In  1915  the  highest  acidity  was  in  the  August  13  samples;  and  in  1916  it  was 
in  the  May  31  samples. 

No  conclusions  seem  to  be  warranted  from  the  limited  data  at  hand  regard- 
ing the  seasonal  fluctuations.  Possibly  a  liberal  rainfall  but  not  enough  to 
cause  a  leaching  of  acid  substance  from  the  surface  foot  of  soil  is  conducive  to 
high  addity  (4). 

If  the  determinations  on  the  stored  samples  of  the  two  years,  which  were 
analyzed  by  a  uniform  method,  are  used  as  a  criterion,  it  may  be  seen  that 
there  was  practically  no  net  increase  in  acidity  during  the  years  1915  and  1916, 
finely  ground  limestone  having  been  applied  in  1914.  In  fact,  there  is  no  evi- 
dence that  any  acidity  has  resulted  from  the  use  of  rye  as  a  cover  crop  for  a 
quarter  of  a  century.  The  legumes,  however,  have  during  the  same  time, 
considerably  increased  the  lime  requirements. 

In  the  uncropped  soils  treated  in  the  laboratory  with  an  equal  weight  of 
green  rye  as  compared  with  dover,  the  rye  increased  the  lime  requirement  300 
to  400  pounds,  or  about  twice  as  much  as  the  dover,  and  the  increase  was 
maintained  from  July  to  December. 

It  is  evident  that  the  results  of  the  work  on  samples  collected  during  1915 
and  1916,  taken  together,  were  scarcely  an  index  of  the  net  cumulative  effect 
exerted  by  the  cover  crops  through  the  longer  period  of  time. 
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The  advancements  made  in  any  field  of  endeavor  are  limited  by  the  rapidity 
with  which  methods  are  developed  in  that  subject.  The  value  of  the  results 
in  any  esperiment  is  directly  proportional  to  the  accuracy  of  the  method  used. 
It  is  useless  to  plan  and  conduct  long  and  costly  experiments  when  the  accuracy 
of  the  analytic  method  is  questionable  or  unknown.  Hence,  one  need  offer  no 
apology  for  work,  the  object  of  which  is  the  perfection  of  new  or  the  study  of 
old  analytical  methods.  Moreover,  methods  have  often  been*  devised  and 
tested  for  use  on  one  substance  or  under  one  set  of  conditions  and  may  or 
may  not  give  good  results  when  used  on  other  substances  and  under  other 
conditions. 

Methods  have  been  devised  for  the  determination  of  chlorine  in  water, 
milk,  blood,  urine,  soil  and  other  naturally-occurring  substances.  No  two 
of  the  methods  give  equally  reliable  results  under  all  conditions.  Hence,  this 
investigation  was  designed  to  study  and  select  the  one  best  suited  for  use 
in  the  determination  of  chlorides  in  soil. 

An  ideal  method  for  the  determination  of  chlorides  in  soil  must  be  accurate 
when  applied  to  substances  containing  little  or  much  chlorine.  It  must  be 
accurate  when  used  on  soils  having  large  quantities  of  other  sgluble  salts  and 
those  containing  large  amoimts  of  organic  matter.  It  should  be  fairly  easy 
of  manipulation  and  of  such  a  nature  that  a  great  number  of  determinations 
can  be  made  in  a  short  time. 

The  gravimetric  method  is  not  suitable  for  the  determination  of  chlorides 
in  soil  on  accoimt  of  the  time  it  consumes  where  so  many  determinations  are 
to  be  made.  Moreover,  waters  and  solutions  which  contain  very  small 
amoimts  of  chlorides  do  not  form  coagulated  precipitates  imless  first  concen- 
trated by  evaporation.  Certain  substances  have  a  solvent  action  on  silver 
chloride  when  heated,  among  them  being  the  nitrates  of  the  alkali  and  alkali 
earth  metals  (5,  p.  199)  and  silver  nitrate  in  strong  solution.  Moreover, 
heating  the  chloride  solution  with  nitric  acid  before  the  addition  of  the  pre- 
cipitating agent,  as  is  usually  done,  results  in  a  loss  of  chlorides  (5,  p.  522). 

In  the  determination  of  alkali  or  alkali  earth  chlorides  volumetrically  by 
Mohr's  method,  the  solution  must  be  absolutely  free  from  acid  or  any  great 
excess  of  alkali.    It  is  best  to  have  them  neutral  and  cold  (13).    Yoder  (8) 
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states  that  there  should  be  no  carbonates  or  phosphates  present,  as  the  silver 
salts  of  these  acids  are  less  soluble  than  the  chromate,  and  the  solution  should 
have  a  certain  definite  concentration  in  order  to  give  the  most  definite  color 
change.  If  the  chlorine  content  is  below  7.5  parts  per  million  the  solution 
should  be  concentrated  (14).  Kolthoff  (7)  found  that  0.7  to  1  cc.  of  1  iV 
potas^um  chromate  per  100-cc.  sample  was  the  best  amount  of  indicator  to 
use  and  that  the  H-ion  concentration  could  vary  between  5  X  10"^  and 
5  X  10~^.  He  fo\md  also  that  the  harmful  effects  of  phosphates  can  be 
avoided  by  using  more  indicator,  that  borax,  SO4  and  NHs  below  SO  mgm.  per 
liter  are  harmless,  and  that  proteins  and  iron  salts  must  be  absent.  Winkler 
(17)  states  that  a  comparison  should  be  made  by  running  duplicate  samples. 
To  one  silver  nitrate  is  added  imtil  a  fsdnt  red  color  is  produced  which  is  then 
just  discharged  with  sodium  chloride.  To  the  other  silver  nitrate  is  added 
\mtil  a  faint  red  color  is  formed  and  persists  for  five  minutes.  A  correction  is 
subtracted  from  the  burette  reading,  the  amoimt  of  the  correction  increasing 
with  the  amoimt  of  silver  nitrate  used.  Kolthoff  (7)  denies  that  the  correc- 
tion increases  with  the  amoimt  of  chlorine,  as  claimed  by  Winkler. 

Tillman  and  Heublein  (14)  daim  the  Mohr  method  gave  too  high  Results 
when  too  little  indicator  is  used,  the  titration  being  carried  too  far.  If 
sufficient  indicator  is  used  no  correction  is  necessary.  They  state  that  at 
least  1  cc.  of  a  10  per  cent  solution  of  potassium  chromate  should  be  used  for 
each  100  cc.  of  solution. 

An  error  may  be  introduced  by  a  rise  in  temperature  since  the  solubility  of 
silver  chromate  increases  with  a  rise  in  temperature  (16).  The  presence  of 
nitrates  also  increases  the  solubility  of  silver  chromate. 

For  small  amoimts  of  chlorine  in  concentrated  solutions  the  Mohr  method  ^ 
gives  very  definite  results.  If,  however,  the  volume  of  the  solution  is  too 
large  the  results  are  not  very  accurate.  In  all  cases  the  sensitiveness  of  the 
indicator  should*  be  tested  by  determining  the  quantity  of  silver  solution 
necessary  to  produce  the  red  diale  used  in  the  titration  when  no  chlorides  are 
present. 

When  a  decinormal  solution  of  silver  nitrate  is  used  an  excess  of  about  0.2 
cc.  is  required  and  this  must  be  subtracted  from  the  amoimt  used.  The 
color  change  is  sharper  when  sodium  arsenate  is  used  as  indicator  and  no 
correction  is  then  necessary  (8).  Stuart  (12)  found  the  Mohr  method  could 
not  be  used  on  peaty  waters. 

In  the  original  Volhard  method  the  excess  of  silver  nitrate  was  titrated 
with  the  alkali  thiocyanate  in  the  presence  of  precipitated  silver  chloride 
without  any  special  treatment.  This  gives  results  which  are  satisfactory 
with  large  quantities  of  chlorides,  but  which  are  too  high  with  small  quanti- 
ties (IS).  Drechsel  (4)  shows  this  to  be  due  to  the  silver  thiocyanate,  being 
less  soluble  than  the  silver*  chloride,  so  that  on  stirring  the  red  ferric  thio- 
cyanate gradually  decomposes,  forming  silver  thioc3ranate  and  making  it 
difficult  to  obtain  the  true  end-point,  since  the  red  color  becomes  permanent 
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only  after  considerable  excess  of  thioc)^anate  has  been  added.  He  overcame 
this  difficulty  by  adding  an  excess  of  silver  nitrate  to  the  chloride  solution 
contained  in  a  graduated  flask  and  shaking  until  the  silver  chloride  coagulated, 
then  filtering  through  a  dry  filter,  adding  the  indicator  to  an  aliquot  part  and 
titrating  the  excess  of  silver  nitrate  with  the  thiocyanate  solution. 

Volhard  in  his  original  work  contended  that  the  velocity  of  decomposition 
of  ferric  thiocyanate  was  so  slow  that  it  would  not  affect  precise  work.  But 
Rosanoff  and  Hill  (9)  showed  it  to  be  rather  high,  causing  an  error  in  some 
cases  of  as  much  as  2.9  per  cent  where  the  silver  chloride  is  left  in  the  solu- 
tion, whereas  when  it  is  removed  before  the  addition  of  the  sulfocyanatethe 
error  does  not  exceed  0.17  per  cent. 

The  Volhard  method,  without  the  removal  of  the  silver  chloride,  is  accur- 
ate only  when  there  is  a  rather  large  amount  of  chlorides  present  and  when 
the  solution  is  not  too  dilute.    When  the  silver  chloride  has  been  thoroughly 

TABLE  1 

Chhrides  obtained  by  the  Volhard  method  when  the  solution  is  heated  and  treated  with  alcohol 

or  ether 


NUMBKR  Of 
DKTXIlflNATIOlfS 


Heated  to  boiling. . 

10  cc.  ether 

10  cc.  ethyl  alcohol 


C4LCULATKD  AS 

NaCl 


pireemt 
4.944 
4.937 
4.937 


FROBABLB 


diO.Ol 

d:0.007 
d:0.007 


coagulated  by  boiling  after  the  addition  of  an  excess  of  silver  nitrate,  it  reacts 
less  readily  with  the  thioc)^anate  and  it  is  possible  to  obtain  correct  results 
after  the  solution  has  been  cooled  without  its  removal  (10).  Silver  chloride 
may  be  as  well  coagulated  by  the  addition  if  ether  as  by  boiling,  and  under 
these  conditions  the  chlorides  may  be  correctly  determined  by  the  Volhard 
method  without  the  removal  of  the  precipitated  silver  chloride  (1).  In  our 
work  we  found  that  alcohol  was  just  as  efficient  as  the  ether  or  boiling. 

The  results  obtained  by  us  after  coagulating  the  chlorides  in  soil  solution 
by  the  various  methods  are  given  in  table  1. 

The  differences  in  the  various  results  are  well  within  the  experimental 
error,  hence  the  ether  and  the  alcohol  are  just  as  efficient  coagulants  as  is 
heat.  Moreover,  the  use  of  ether  or  alcohol  saves  the  time  used  in  heating 
and  cooling  the  solution.  For  these  reasons  we  have  used  alcohol  as  the 
coagulating  agent  in  our  work. 

From  the  preceding  brief  review  of  the  literature  it  would  appear  that  the 
Mohr  and  Volhard  methods  are  best  suited  for  the  determination  of  chlorides 
in  soil,  hence  our  e^^rimental  work  has  been  based  on  them. 

Preparation  of  a  dear  fiUraie.  The  first  prerequisite  in  the  determination 
or  chlorides  in  the  soil  is  the  preparation  of  a  clear  solution.    Investigations 
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have  already  been  carried  out  in  this  laboratory  showing  the  relative  efficiency 
of  the  Pasteur-Chamberland  filters,  centrifuge,  caldum  Oxide,  calcium  car- 
bonate, talc,  ferric  sulfate,  potassium  alum,  sodium  alum  and  iron  alum  as 
clarifying  agents,  and  also  their  effects  on  the  determination  of  nitric  nitrogen 
in  the  soil  solution  (6). 

Of  these  the  potassium  alum,  the  Pasteur-Chamberland  filter  and  the 
centrifuge  gave  the  most  satisfactory  solutions  and  interfered  the  least  with 
the  determination  of  the  nitric  nitrogen  in  the  solution. 

In  the  present  work,  therefore,  these  three  methods  were  used  for  obtaining 
the  solution  in  which  the  chlorides  were  to  be  determined*  The  results 
obtained  by  the  various  methods  are  given  in  table  2. 

The  soil  used  was  a  heavy  black  clay  loam  collected  from  a  depression  about 
four  miles  west  of  Corrinne,  Utah.  Evaporation  had  left  the  soil  with  a  thick 
incrustation  of  alkali  salts.  The  soil  was  dried  in  the  laboratory,  pulverized, 
sieved,  and  preserved  in  wooden  boxes. 

TABLE  2 
CMarides  obtained  from  soil  soUUions  which  were  darified  by  the  filter^  the  centrifuge  or  aJum 


lUATHKHT 

<»— 

moft 

Filter 

percent 
4.998 
5.02 
4.998 

±0.011 
±0.013 
±0.01 

18 

Centrifuge 

8 

Alum 

18 

In  SO  far  as  these  results  show,  there  is  nothing  to  choose  between  the  filter 
and  the  alum  since  they  give  concordant  results  and  the  probable  error  is 
about  the  same  in  each  case.  The  centrifuge,  however,  gives  higher  residts. 
It  is  possible  that  colloids  or  proteins  from  the  soil  were  present  and  remained 
in  suspension  with  the  centrifuge  and  would  be  removed  with  the  alum  and 
filter.  It  is  a  fact  that  the  centrifuge  at  the  speed  at  which  we  run  it,  about 
1200  revolutions  per  minute,  always  gave  a  murky,  cloudy  solution,  whereas 
the  filter  and  the  alum  gave  perfectly  clear  solutions. 

It  seems,  therefore,  that  the  filter  or  the  alum  where  permissible  is  the 
best  means  for  obtaining  a  clear  filtrate.  This  is  in  keeping  with  our  find- 
ing on  the  preparation  of  a  clear  solution  for  the  determination  of  nitric  nitro- 
gen in  the  soil  solution,  where  we  foimd  that  alum  and  the  filter  gave  clear 
filtrates  and  interfered  least  with  the  recovery  of  the  nitric  nitrogen. 

The  amount  of  chlorides  in  the  soil.  In  order  that  we  may  have  some  stand- 
ard of  comparison  it  was  necessary  to  know  as  accurately  as  possible  the 
amount  of  chlorides  in  the  soil.  For  this  reason  six  10-gm.  portions  were 
leached  free  of  chlorides.  The  filtrate  was  made  to  500  cc.  and  aliquot  parts 
analyzed.  The  gravimetric  method  which  is  recognized  as  giving  very  accur- 
ate results  under  proper  conditions  gave,  as  an  average  of  11  determinations, 
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4.98  per  cent  of  chlorides  calculated  as  sodium  chloride.  These  determina- 
tions agreed  within  experimental  error,  hence  may  be  taken  as  the  per  cent  of 
chlorides  in  the  soil. 

The  adsorpHve  action  of  JiUers  on  sodium  chloride.  The  adsorptive  action 
of  Pasteur-Chamberland  filters  on  sodium  chloride  was  determined  by  filter- 
ing  solutions  of  sodium  chloride  of  varying  strengths.  These  solutions  were 
then  titrated  with  standard  0.1  N  silver  nitrate. 

The  quantity  of  chlorides  in  the  solution  is  the  same  after  filtration  as 
before,  thus  indicating  that  any  adsoiptive  action  which  may  be  exerted  by 
the  filter  is  within  experimental  error,  a  conclusion  which  is  in  accord  with 
other  findings  (3,  6). 

TABLE  3 
Sodium  chloride  in  solutions  before  and  after  filtering  through  Pasteur-Chamberland  filers 


mmt  MxiBOD 

VOUUBD  KKXHOD 

Before  filtntkm 

After  filtntkm 

Before  filtration 

After  filtration 

mim. 
5.855 
2.937 
1.962 
1.488 
1.183 

Mgm, 

5.878 

2.937 

1.971 

1.488 

1.181 

MfW. 

5.867 
2.931 
1.952 
1.471 
1.184 

mim. 

5.859 

2.955 

1.962 

1.483 

1.161 

TABLE  4 
The  chlorides f  calculated  as  sodium  chloride,  extracted  from  soils  loith  varying  amounts  of  water 


CHLOUOa  SXRACISD  fBOV  SOIL  BT  VAKTIKO  KATKM  OF  WATUt  AMD  DXTSKKIMBD  BY 

MAixm 

Mohr  method 

Error 

Volhard  method 

Error 

tfreemt 

^c«ni 

Ito    5 

5.041 

±0.008 

4.975 

±0.012 

ItolO 

5.067 

±0.01 

4.986 

±0.012 

Ito  15 

5.054 

±0.013 

4.956 

±0.012 

Ito  20 

5.057 

±0;017 

4.974 

±0.013 

RaUo  of  soil  to  water.  For  the  extraction  of  soluble  salts  from  soils  the 
workers  have  used  ratios  as  narrow  as  1  part  of  soil  to  1  of  water,  and  as 
wide  as  1  part  of  soil  to  25  parts  of  water.  In  our  work  the  following  ratios 
were  used:  1  to  5,  1  to  10,  1  to  15  and  1  to  20,  with  the  results  reported  in 
table  4. 

The  soil  yielded  to  the  gravimetric  method  4.98  per  cent  of  chlorides,  cal- 
culated as  sodium  chloride.  Here  we  find  when  the  ratio  of  soil  to  water  is 
1  to  5  by  the  Volhard  method  4.975  per  cent  and  with  the  ratio  1  to  20, 
4.974  per  cent.  The  Mohr  method  gave  5.041  and  5.067,  respectively,  for 
the  same  ratios.    The  per  cent  of  chlorides  found  in  the  soil  by  leaching  is 
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4.984.  The  average  of  that  found  by  the  Mohr  and  Volhard  methods  for 
the  ratios  1  to  5  and  1  to  20  are  5.008  and  5.037  per  cent,  respectively,  which 
are  slightly  higher  than  those  yielded  on  leaching  the  soil,  the  di£Ference 
probably  being  experimental  error.  The  Volhard  method,  however,  yielded 
results  which  are  almost  identical  with  those  obtained  on  leaching  and  deter- 
mining gravimetrically  the  chlorides.  We  may  conclude  that  all  the  chlorides 
are  extracted  by  using  5  parts  of  water  to  1  of  soil.  In  our  work  on  the  extrac- 
tion of  nitric  nitrogen  from  soils  (6),  we  found  this  ratio  of  water  to  soil 
sufficient  to  extract  all  nitrates  present 

Time  of  exb^acHon,  The  time  necessary  for  water  added  to  a  soil  to  dis- 
solve the  chlorides  in  a  soil  may  vary  greatly  with  the  conditions  of  the  soil 
when  the  water  is  added,  as  well  as  the  treatment  of  the  soil-water  mixture. 

In  order  to  find  the  minimum  time  necessary  for  extraction  we  have  ex- 
tracted 100-gm.  portions  of  soil  containing  2  gm.  of  alum  with  500  cc.  of 
water.    The  soil  was  mixed  with  the  water  in  1000-cc.  bottles  and  shaken  in  a 

TABLES 

Chlorides  extracted  from  a  soil  after  varying  periods 


mac 

or  IHAKINO 

OBinatAL  Avn/OB 

THE  SOLUnOH  CLAUTIBD 
WIIH  2  OM.  ALUM 

nuBss 

Sodium 
chloride 

Error 

Sodium 
diloride 

Error 

Sodium 
chloride 

Error 

mbmki 
5 
10 
20 
30 
45 

percent 
4.987 
4.997 
4.981 
4.992 
4.977 

±0.015 
±0.007 
±0.011 
±0.009 
±0.012 

pvcent 
5.002 
5.002 
4.969 
4.990 
4.970 

±0.01 

±0.005 

±0.013 

±0.01 

±0.011 

ptratU 
4.973 
4.993 
4.994 
4.994 
4.984 

±0.021 

±0.009 

±0.01 

±0.008 

±0.012 

mechanical  shaker  for  the  time  indicated,  then  allowed  to  stand  long  enough 
to  settle  and  then  the  chlorides  determined.  The  average  results  are  given 
in  table  5. 

If  we  take  as  the  amotmt  of  chlorides  present,  that  shown  by  the  gravimetric 
method  on  the  solutions  obtained  by  leaching  the  soil  free  of  dilorides,  namely, 
4.98  per  cent,  then  there  is  nothing  to  be  gained  by  shaking  the  soil  longer  than 
five  minutes,  as  may  be  observed  from  the  results  which  all  agree  within  ex- 
perimental error.  This  is  probably  sufficient  where  the  soil  is  finely  divided 
and  thoroughly  agitated  as  was  the  case  with  this  soil. 

The  influence  of  various  sails  on  Ike  determinalion  of  chlorides  in  soil  by  the 
Volhard  and  the  Mohr  methods.  In  order  to  ascertain  the  influence  of  salts 
on  the  determination  of  chlorides  in  soil  solution,  50  gm.  of  soil  to  which 
was  added  5  gm.  of  the  various  salts  was  agitated  with  500  cc.  of  water  in  a 
shaking  machine  for  10  minutes.  Part  of  the  solutions  were  filtered  through 
Pasteur-Chamberland  filters  and  part  clarified  by  the  addition  of  2  gm.  of 
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alum.  The  chlorides  were  determined  m  aliquot  portions  by  both  the  Mohr 
and  Volhard  methods.  The  results  are  given  in  table  6.  It  will  be  noticed 
that  the  salts  are  tabulated  in  sUch  a  way  as  to  show  the  influence  of  the 
anion  and  the  cation.  The  caldum  salts  give  normal  results  both  by  the 
Mohr  and  the  Volhard  methods,  that  is,  the  results  are  entirely  comparable 
with  those  obtained  by  the  same  method  in  the  absence  of  the  salts.  The 
same  is  also  true  of  the  magnesium  ion.    With  the  exception  of  the  sodium 

TABLE  6 
The  influence  of  variaus  salts  on  the  determination  of  chlorides  by  the  Mohr  and  Volhard  methods 


SALT  USBD 

Avm 

nLXsa 

MOTOD 

Nomber 
of 

Error 

NaO 

NaCl 

Error 

Nnmboff 

of 
•naljMi 

V«lh4i«d    .     ,     . 

CaCOi 

Ca(NO»), 

CaS04 

6 
6 
6 

diO.OOT 
d=0.004 
±0.003 

firtmt 
5.01 
4.99 
5.02 

firemt 
5.02 
4.95 
5.01 

±0.01 

±0.02 

O.O 

6 
6 

6 

Average 

18 

d=0.005 

5.007 

4.993 

±0.01 

18 

Mohr 

CaCX)» 

Ca(NO»), 
CaS04 

6 
6 
6 

d=0.003 
diO.OOS 

d:0.005 

5.08 
5.08 
5.09 

5.12 
5.03 
5.09 

±0.01 
±0.02 
±0.00 

6 
6 

6 

Average 

18 

±0.005 

5.08 

5.08 

±0.01 

18 

Volhard 

MgS04 

Mg(NO»), 
MgCO* 

4 
9 

5 

±0.01 

±0.008 

±0.01 

4.99 

4.942 

4.946 

5.02 

4.925 

4.954 

±0.002 
±0.003 
±0.01 

6 
6 
6 

Average 

18 

±0.009 

4.957 

4.954 

±0.005 

18 

Mohr 

MgS04 

Mg(NO»), 

MgCO» 

4 
6 
6 

±0.00 

±0.006 

±0.01 

5.09 

5.018 

5.028 

5.08 

5.004 

5.054 

±0.002 
±0.003 
±0.01 

6 

6 

6 

Average 

16 

±0.005 

5.045 

5.046 

±0.005 

18 

Vnlb^H 

Na,CX)k 
NaNQi 
NaHCQ, 
Na,S04 

6 
6 
6 
6 

±0.018 
±0.01 
±0.008 
±0.012 

4.89 
4.87 
4.90 
4.92 

4.95 
4.88 
4.91 
4.93 

±0.00 
±0.02 
±0.005 
±0.01 

6 
6 

6 
6 

Average 

24 

±0.012 

4.895 

4.92 

±0.008 

24 

Mohr 

Na,CX)» 

NaNO» 

NaHCO* 

Na.S04 

6 
6 
6 
6 

±0.00 
±0.007 
±0.01 
±0.016 

5.26 
4.99 
5.02 
5.03 

5.26 
4.95 
5.02 
5.02 

±0.00 
±0.02 
±0.025 
±0.005 

6 
6 
6 
6 

Average 

24 

±0.008 

5.075 

5.062 

±0.014 

24 
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TABLE  6-CMKiMitf 


SALT  U8ID 

CLAKUDBD  WRH  IILnat 

Number 

of 
uutlyact 

Error 

l^aCl 

NaCl 

Error 

Number 

of 
analjies 

Volhaid 

CaCO» 
MgCQ, 

Na,CO» 

NaHCQ, 
FeCO, 

6 
5 
6 
6 
6 

±0.007 

±0.01 

±0.018 

±0.008 

±0.005 

5.01 

4.946 

4.89 

4.90 

4.938 

percent 
5.02 
4.954 
4.95 
4.91 
4.967 

±0.01 

±0.01 

±0.00 

±0.005 

±0.002 

6 
6 
6 

6 
6 

Average 

29 

±0.009 

4.938 

4.960 

±0.005 

30 

Mohr 

CaCO» 

MgCO» 

NaiCO, 

NaHCO* 

FeCO» 

6 
6 
6 
6 
6 

±0.003 

±0.01 

±0.00 

±0.01 

±0.00 

5.08 

5.025 

5.26 

5.02 

5.042 

5.12 

5.054 

5.26 

5.02 

5.045 

±0.01 

±0.01 

±0.00 

±0.005 

±0.002 

6 
6 
6 

6 
6 

Average 

30 

±0.005 

5.085 

5.102 

±0.005 

30 

Volhard 

Ca(NO»), 
Mg(NQ,), 
NaNO» 

6 
9 
6 

±0.004 
±0.008 
±0.01 

4.99 

4.942 

4.87 

4.95 
4.925 

4.88 

±0.02 

±0.003 

±0.02 

6 
6 

6 

Average 

21 

±0.007 

4.934 

4.918 

±0.014 

18 

Mohr 

Ca(NO*), 
Mg(NO»), 
NaNO» 

6 
6 
6 

±0.008 
±0.006 
±0.007 

5.08 

5.018 

4.99 

5.03 

5.004 

4.95 

±0.02 

±0.003 

±0.02 

6 
6 

6 

Average - 

18 

±0.007 

5.029 

4.995 

±0.014 

18 

Volhard 

CaS04 
MgS04 
Na,S04 

6 
4 
6 

±0.003 

±0.01 

±0.012 

5.02 
4.99 
4.92 

5.01 
5.02 
4.93 

±0.00 

±0.002 

±0.01 

6 
6 
6 

Average 

16 

±0.008 

4.977 

4.99 

±0.004 

18 

Mohr 

CaS04 
MgS04 
Na«S04 

6 

4 
6 

±0.005 

±0.00 

±0.016 

5.09 
5.09 
5.03 

5.09 
5.08 
5.02 

±0.00 

±0.002 

±0.01 

6 
6 
6 

Average 

16 

±0.007 

5.07 

5.063 

±0.004 

18 

carbonate,  which  gives  abnormally  high  results,  the  sodium  salt  decreases  the 
quantity  of  chlorides  recovered. 

Of  the  acid  ions  the  sulfates  are  without  effect  whereas  the  nitrates  have  a 
depressing  influence.  This  is  in  conformity  with  the  reference  already  cited 
(5,  p.  522)  that  silver  chloride  is  somewhat  soluble  in  the  presence  of  nitrates 
of  the  alkali  and  alkali  earths.    The  carbonates  decreased  the  quantity  of 
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chloride  as  measured  by  the  Volhard  method.  This  is  to  be  expected,  since 
the  carbonates  are  converted  into  nitrates  by  the  added  nitric  add.  With 
the  exception  of  sodium  carbonate  the  carbonates  do  not  interfere  with  the 
Mohr  method.  This  is  undoubtedly  due  to  the  low  solubility  of  the  carbon- 
ates used.  With  sodium  carbonate,  however,  abnormally  high  results  are 
obtained.  Besides. coloring  the  filtrate  brown,  thereby  obscuring  the  end- 
point,  sodium  carbonate  causes  a  precipitation  of  silver  carbonate,  since  silver 
carbonate  is  less  soluble  than  silver  chromate  and  the  amount  of  silver  car- 
bonate precipitated  will  depend,  of  course,  on  the  quantity  of  sodium  car- 
bonate present 

The  Mohr  vs.  the  Volhard  Method.  Brautlecht  and  Langley  (2)  compared 
these  methods  in  their  adaptability  to  the  determination  of  chlorides  in 
waters.  They  f  oimd  the  Volhard  gave  more  satisfactory  concordant  and  accur- 
ate results  when  0.1  iV  solutions  were  used  but  required  a  longer  time.  They 
foimd  0.01  N  sulfocyanate  and  silver  nitrate  solutions  too  dilute  to  give  sharp 

TABLE  7 
Chlorides  found  in  solution  by  the  Mohr  and  Volhard  methods 


VOLHABD  MXXSOD 

ChlorideB  calculated 
asNaCl 

Error 

CUorides  calculated 
asNaCl 

Error 

Ptfitnt 
5.041 

dbO.Oll 

tfreent 
4.964 

d=0.011 

end-points.  Shutt  and  Charlton  (11)  reached  a  similar  conclusion  when 
working  on  a  large  number  of  waters  containing  only  small  amoimts  of 
chlorine.  Stuart  (12)  foimd  that  the  Volhard  method  can  be  used  with  waters 
containing  small  amoimts  of  chlorine  only  when  a  very  small  excess  of  silver 
nitrate  is  used,  not  exceeding  0.2  cc.  The  plus  or  minus  error  will  be  about 
0.5  parts  per  million  of  waters  containing  10  parts  per  million  of  chlorine. 

The  vast  amount  of  work  done  by  us  makes  it  possible  to  compare  the 
results  obtained  by  the  Mohr  and  Volhard  methods  with  those  obtained  by 
the  gravimetric. 

This  is  done  in  table  7,  in  which  is  given  the  average  for  22  determinations 
by  the  two  methods.  The  determinations  were  made  on  the  same  solutions 
so  that  the  only  variable  is  the  method  of  determining  the  chlorides. 

The  Mohr  method  invariably  gives  results  higher  than  the  Volhard  method. 
This  has  been  rectified  by  many  workers  by  making  a  correction  which  is  not 
necessary  in  the  case  of  the  Volhard  method. 

If  we  take  the  chlorides  as  determined  by  leaching  and  precipitation  with 
silver  nitrate  (4.98  per  cent)  as  standard  we  find  a  very  close  agreement 
between  this  result  and  tl^tt  obtained  by  the  Volhard  method.  Therefore,  it 
would  appear  from  all  of  our  results  that  the  Volhard  method  is  more  accurate 
for  the  determination  of  chlorides  in  soil  solution  than  is  the  Mohr  method. 

SOIL  SCIENrS,  VOL.  IX,  NO.  1 
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Equally  satisfactory  soil  extracts  from  which  the  chlorides  are  to  be  deter- 
mined are  obtained  either  by  the  use  of  2  gm.  of  alum  or  by  the  Pasteur- 
Chamberland  filter.  The  extract  obtained  by  use  of  the  centrifuge  gave  higher 
results,  due  perhaps  to  the  presence  of  proteins  or  other  colloids  in  suspen- 
sion. The  quantity  of  chlorides  obtained  by  the  use  of  5  parts  of  water  to  1 
part  of  soil  was  the  same  as  with  larger  quantities  of  water. 

Nothing  is  to  be  gained  by  agitating  the  soil  and  water  for  more  than  5 
minutes  if  the  soil  is  finely  divided  and  the  solution  vigorously  shaken.  The 
Mohr  and  Volhard  methods  give  low  results  in  the  presence  of  nitrates  of  the 
alkali  and  the  alkali  earths.  The  Volhard  method  gives  low  results  in  the 
presence  of  carbonates  of  the  alkali  and  alkali  earths.  The  Mohr  method 
gives  high  results  in  the  presence  of  carbonates  due  to  the  precipitation  of 
silver  carbonate.  The  Volhard  method  gives  more  concordant  and,  as  judged 
by  the  gravimetric  method,  more  nearly  exact  results  than  the  Mohr  method. 
Ethyl  alcohol  causes  the  coagulation  of  silver  chloride  as  well  as  ether  or 
boiling. 

We  obtained  the  best  results  by  the  following  method:  100  gm.  of  finely 
pulverized  soil  was  agitated  in  a  mechanical  shaker  for  5  minutes  and  clarified 
either  by  the  use  of  2  gm.  of  alum  or  by  the  Pasteur-Chamberland  filter; 
20-cc.  portions  were  pipetted  into  ground-glass-stoppered  bottles  and  an 
excess  of  0.1  N  silver  nitrate  added;  10-cc.  of  95  per  cent  ethyl  alcohol  was 
added  and  the  mixture  shaken  until  the  silver  chloride  was  coagulated  and 
the  supernatant  solution  was  clear;  2  cc.  of  ferric  sulfate  solution  containing 
20  gm.  of  ferric  sulfate  to  500  cc.  of  water,  and  5  cc  .of  dilute  nitric  acid  were 
added;  the  excess  of  silver  nitrate  was  then  titrated  by  the  use  of  0.1  N 
NHiSCN. 
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It  has  usually  been  observed  that  the  growth  of  clover  or  alfalfa  on  a  piece 
of  land  improves  it  in  so  far  as  crop  production  is  concerned.  This  is  true 
even  when  the  hay  crops  are  all  removed  and  only  the  stubble  and  roots 
incorporated  in  the  soil.  Because  these  plants  are  nitrogen  fixers,  we  are 
naturally  inclined  to  associate  the  improved  productiveness  to  an  increase 
in  the  supply  of  total  or  available  nitrogen. 

There  still  remain  several  questions  regarding  the  reason  for  soil  improve- 
ment by  legumes  which  have  not  been  definitely  settled.  There  appears  to 
be  some  doubt  as  to  whether  the  total  nitrogen  content  of  a  soil  is  always 
greater  after  a  legume  has  been  raised  on  it  than  before,  even  when  its  growth 
has  made  the  soil  capable  of  producing  larger  crops.  If  there  has  been  no 
increase  in  the  quantity  of  nitrogen  present,  has  there  been  a  change  in  the 
readiness  with  which  organic  nitrogen  is  converted  into  nitrates,  and  if  so, 
is  that  due  to  the  quality  of  the  organic  nitrogen  in  the  plant  residues  or  does 
it  result  from  some  other  influence  of  the  legimie  on  the  production  of  nitrates? 

It  is  not  our  purpose  to  discuss  in  this  paper  the  effect  of  legimies  on  the 
nitrogen  balance  in  soil  on  which  they  have  been  grown.  It  is,  rather,  the 
effect  of  these  crops  on  the  quantity  of  nitrogen  in  the  form  of  nitrates  after 
the  legumes  have  been  cut  for  hay  and  the  stubble  or  roots  plowed  under 
that  is  here  to  be  considered.  Experiments  reported  by  a  number  of  investi- 
gators cover  two  aspects  of  the  subject.  One  of  these  is  the  capacity  of  a 
soil  to  form  nitrates  from  the  nitrogen  remaining  in  the  soil  after  the  growth 
of  the  legumes;  the  other  is  the  power  of  the  soil  to  form  nitrates  from  organic 
nitrogenous  matter  or  ammonium  salts  added  to  the  soil  when  it  is  brought 
into  the  laboratory  and  incubated. 

In  the  following  brief  review  of  some  of  the  investigations  dealing  with 
this  subject  no  consideration  is  given  to  records  of  the  determination  of  nitrates 
in  soil  on  which  crops  are  growing  unless  samples  of  soil  are  removed  and 
nitrates  allowed  to  develop  during  incubation  of  the  soil  without  the  presence 
of  crop  plants.  The  presence  of  growing  crops  introduces  a  factor  which 
complicates  any  attempt  to  fiind  the  effect  of  the  residues  of  the  crop  on  nitrate 
formation.  To  simplify  the  discussion  this  limitation  will  be  observed,  and 
the  effect  of  fallow  or  condition  other  than  crop  growth  will  be  omitted. 
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Warington  (10)  analyzed  the  drainage  water  passing  through  a  soil  from 
which  a  wheat  crop  had  been  removed,  one-half  of  the  area  having  grown  a 
crop  of  clover  immediately  before  the  wheat  was  planted  and  the  other  half 
having  been  in  barley.  He  fomid  that  the  drainage  from  the  clover  soil  con- 
tained more  nitrate  nitrogen  than  did  the  barley  soil. 

King  and  Whitson  (6)  conducted  experiments  with  soil  in  cylinders  in  the 
greenhouse  which  they  planted  respectively  to  com,  clover  and  oats.  After 
these  crops  were  removed  the  cylinders  were  allowed  to  stand  for  93  days 
under  the  same  conditions  of  moisture  and  temperature.  During  this  period 
one  set  of  cylinders  representing  the  three  crops  was  left  uncultivated,  one  set 
was  cultivated  once  a  week,  and  one  set  was  cultivated  once  in  two  weeks. 
At  the  end  of  the  period  the  quantity  of  nitrates  in  the  cultivated  soil  was  in  the 
ratio  of  31: 47: 28  for  com,  clover  and  oats,  respectively,  but  in  the  unculti- 
vated soil  there  was  practically  no  difference  in  the  quantity  of  nitrates  in  the 
soil  previously  planted  to  these  crops. 

As  the  method  of  treating  the  sample  of  soil  previous  to  the  determination 
of  nitrates  may  possibly  be  a  factor  in  the  results,  that  operation  will  be  de- 
scribed in  each  review  if  it  has  been  foimd  in  the  text.  In  this  experiment 
the  determination  of  nitrates  appears  to  have  been  made  without  previously 
drying  the  soil. 

Brown  (1),  in  experimenting  with  soil  from  a  series  of  field  plats  which  had 
been  cropped  in  various  ways  for  a  number  of  years,  found  that  incubation 
with  ammonium  sulfate  and  also  with  dried  blood  gave,  on  the  whole,  a 
slightly  lower  production  of  nitrates  from  the  soil  on  which  clover  had  been 
grown  continuously  than  from  soil  on  which  com  had  been  grown  continuously, 
but  where  clover  had  been  used  in  a  rotation  nitrate  production  was  much 
higher  than  in  the  soils  just  mentioned  and  also  than  in  soil  on  which  the  same 
rotation  was  used  without  clover. 

In  these  experiments  and  also  in  those  by  Brown  to  be  reviewed  later  the 
soil  before  incubation  was  air-dried  and  screened. 

Greaves  (3)  determined  the  nitrifying  power  of  soil  from  a  number  of  fields 
whose  previous  treatments  had  been  very  diverse  but  which  at  the  time  of 
sampling  were  planted  to  alfalfa  and  wheat.  He  reports  that  the  nitrifying 
power  of  soil  on  which  alfalfa  was  growing  was  much  less  than  that  of  soil 
on  which  wheat  was  growing. 

In  a  continuation  of  the  experiment  by  Brown  (2)  previously  reviewed  he 
found  that  both  dried  blood  and  ammoniimi  sulfate  produced  more  nitrate 
nitrogen  when  incubated  with  soil  cropped  to  a  rotation  of  com,  oats  and 
clover  than  with  a  soil  cropped  only  to  com  and  oats,  or  soil  planted  continu- 
ously to  com. 

McBeth  and  Smith  (8)  experimented  with  soils  from  plats  irrigated  with 
different  quantities  of  water  and  also  unirrigated.  Each  set  of  plants  so 
treated  produced  crops  of  alfalfa,  potatoes,  corn  and  oats.  The  experiment 
extended  through  the  years  1909  to  1912,  inclusive.    The  nitrif)dng  power 
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of  the  soil  with  dried  blood  and  also  with  ammonium  sulfate  was  determined. 
Soil  samples  were  air-dried  to  3  per  cent  moisture  before  the  first  determination 
of  nitrates  was  made  and  before  the  sample  was  incubated.  While  the  results 
of  the  nitrification  tests  were  not  uniform  for  the  different  years  and  the  differ- 
ent applications  of  irrigation  water  they  showed,  in  the  main,  a  greater  nitri- 
fying power  for  the  alfalfa  soil  than  for  the  potato,  com  and  oat  soil,  which 
three  crops  appear  not  to  have  differed  much  in  their  effect  on  the  nitrifying 
power  of  the  soil. 

Velbel  (9)  foimd  that  nitrate  formation  was  increased  by  the  cultivation 
of  leguminous  plants. 

Kellerman  and  Wright  (5)  planted  peas,  vetch,  barley,  rye  and  Kafir  com 
in  wire  baskets,  using  a  series  of  these  crops  in  each  of  two  types  of  soil.  After 
growing  for  80  days  the  plants  and  roots  were  removed  and  nitrification  tests 
were  made  with  the  addition  of  peptone  to  one  set  of  soil  samples  and  of 
ammonium  sulfate  to  another  set.  There  appeared  to  be  no  consistent  differ- 
ence between  the  soil  planted  to  the  legiunes  and  that  planted  to  the  non- 
legumes  in  respect  to  the  quantity  of  nitrates  formed  during  incubation. 

Greaves,  Stewart  and  Hirst  (4),  e3q)erimenting  apparently  with  the  same 
plats  at  Greenville,  Utah,  as  those  used  in  the  experiments  by  McBeth  and 
Smith,  which  have  already  been  reviewed,  and  following  much  the  same 
methods  of  preparing  soil  for  incubation,  found  that  the  nitrif3dng  power  of 
soil  with  dried  blood  was  greatest  when  taken  from  where  potatoes  were  grow- 
ing and  lessrfor  alfalfa,  oats  and  com  in  the  order  named. 

Lyon  and  Bizzell  (7)  foxmd  more  nitrate  nitrogen  in  soil  on  which  alfalfa 
had  previously  grown  for  6  years  and  which  was  then  kept  bare  of  vegetation 
than  in  soil  on  which  timothy  had  grown  for  the  same  period  and  which  was 
also  free  of  vegetation.  They  also  foimd  that  the  alfalfa  soil  produced  more 
nitrates  when  incubated  both  with  and  without  dried  blood. 

There  is  sufficient  discrepancy  in  the  results  of  the  experiments  reported 
to  leave  some  doubt  whether  the  legumes  used  in  the  experiments  increased 
the  nitrifying  power  of  the  soil  for  dried  blood  as  compared  with  the  influence 
of  the  non-legumes.  Experiments  in  which  the  crop  residues  alone  were  con- 
cerned leave  less  room  for  doubt,  the  conclusions  of  the  three  investigations 
on  that  subject  being  unanimous  in  favor  of  the  legume.  In  the  following 
experiment  an  attempt  has  been  made  to  deal  with  the  question  in  a  somewhat 
different  manner  than  has  been  done  in  the  investigations  cited. 

PLAN  OF  THE  EXPERIBIENT 

The  experiment  involved  the  leaching  of  soil  on  which  different  crops  were 
growing.  To  accomplish  the  leaching  while  the  crops  were  on  the  soil  and  to 
obviate  the  necessity  of  removing  and  consequently  of  aerating  it,  the  soil 
was  placed  in  cylindrical  cans  with  funnel-shaped  bottoms  from  which  the 
drainage  water  was  conducted  by  pipes  connected  with  large  bottles  in  which 
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the  leachings  were  collected.  The  cylinders  were  12  inches  in  diameter  and 
2  feet  deep.  Ten  inches  at  the  bottom  were  fillckl  with  a  weighed  quantity 
of  clay  subsoil  and  the  funnel-shaped  bottom  was  filled  with  sand  and  gravel. 

It  was  intended  that  the  soil  should  be  very  rich  in  readily  nitrifiable  nitro- 
gen, for  which  purpose  dried  blood  was  added  to  the  soil  at  the  rate  of  45  gm. 
per  can.  Acid  phosphate  was  added  at  the  rate  of  15  gm.,  muriate  of  potash 
at  the  rate  of  8  gm.,  and  ground  limestone  at  the  rate  of  90  gm.  per  can.  The 
same  weight  of  soil  was  placed  in  each  can. 

The  soil  used  in  the  experiment  was  a  sand  of  moderate  fertility  and  good 
drainage.  The  commercial  fertilizer  used  in  such  liberal  quantities  made  it 
productive  and  the  lime  permitted  an  abundant  growth  of  clover.  No  diffi- 
culty was  experienced  in  leaching  the  soil  and  the  drainage  water  was  dear. 

Twelve  cylinders  were  employed,  six  of  which  were  planted  to  timothy  and 
six  to  red  clover.  The  soil  of  all  cans  was  inoculated  with  a  pure  cxilture  of 
Bacillus  radicicola  from  the  clover  plant.  Each  can  also  received  1000  cc 
of  an  infusion  made  by  stirring  1  pound  of  garden  soil  with  3  liters  of  tap 
water.  This  was  to  insure  an  active  nitrifying  flora.  The  crops  were  planted 
on  September  15  and  on  September  29  there  was  a  good  stand. 

During  the  time  the  timothy  and  clover  were  growing  the  soil  was  leached 
from  time  to  time,  and  as  water  was  dripping  from  the  outlets  much  of  the 
time  the  soil  in  all  cans  contained  about  the  same  quantity  of  moisture.  All 
the  water  applied  had  been  distilled  and  was  free  from  nitrates.  The  growth 
of  the  plants  was  sufficient  to  permit  leaching  on  November  27,  and  from  that 
time  until  the  crops  were  harvested  the  soil  of  each  can  was  leached  about 
once  a  month. 

It  was  intended  to  estimate  the  nitrogen  contained  in  the  drainage  water 
and  all  of  this  proved  to  be  in  the  form  of  nitrates  which  were  determined  by 
the  phenol  disulfonic  acid  method.  There  were  seven  leachings  during  the 
time  the  timothy  and  clover  were  on  the  soil. 

NITROGEN  IN  CROPS 

The  crops  were  harvested  on  May  13.  Both  crops  had  made  a  good  growth, 
the  clover  relatively  better  than  the  timothy,  but  both  were  healthy  and 
vigorous.  At  the  time  of  harvest  the  clover  was  in  blossom  and  the  timothy 
had  not  yet  reached  that  stage.  The  crop  from  each  can  was  dried,  weighed 
and  its  nitrogen  content  determined.  The  yields  of  dry  matter  and  of  nitrogen 
in  these  crops  are  shown  in  table  1. 

The  total  quantity  of  nitrogen  removed  from  the  soil  in  the  cans  on  which 
timothy  was  grown  was  small  as  compared  with  the  quantity  added  in  the 
form  of  dried  blood.  This  material  contained  10.5  per  cent  of  nitrogen  and, 
consequently,  at  the  rate  of  45  gm.  of  dried  blood  per  can  the  total  amount 
of  nitrogen  thus  added  to  the  six  timothy  cans  would  be  28.35  gm.  The 
crop  removed  a  total  of  4.0962  gm.  from  the  six  cans,  thus  leaving  a  large 
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quantity  of  easily  nitrifiable  nitrogen  remaining  in  the  soil.    It  is  impossible 
to  say  how  much  nitrogen  the  clover  took  from  the  soil. 

TABLE  1 
Weights  ojdry  matter  and  nitfogen  in  timothy  and  red  clover  grown  in  cans  9-ZO 


Caa 

TDCOXBY 

Can 

Number 

SSDCIOVZft 

Number 

Dry  matter 

Nitrogen 

Dry  matter 

Nitrogen 

9 
10 
11 
12 
13 
14 

fM. 

46.95 
60.25 
66.65 
68.03 
49.19 
49.09 

fM. 

0.5978 
0.7497 
0.7866 
0.7840 
0.5712 
0.6069 

15 
16 
17 
18 
19 
20 

fM. 

179.86 
169.99 
168.75 
165.27 
179.83 
170.68 

fM. 

5.3669 
5.0688 
4.9104 
4.8894 
5.3865 
5.1015 

Total 

340.16* 

4.0962 

1034.38  , 

30.7235 

TABLE  2 
Nitrogen  in  teachings  during  growth  of  timothy  and  red  clover 


TOTAL 

CRor 

TOTAL 

Mxno- 

OKN 

voLuia 

WUMBBK 

Sept.  29 

to 
Nov.  27 

Nov.  27 

to 
Dec.  11 

Dec.  11 

to 
Jan.U 

Jan. 14 

to 
Feb. 11 

Feb.  11 

to 
Mar.  11 

Mar.  11 

to 
AprUll 

April  11 

to 
May  11 

OF 

DSAINAOB 

WATER 

fM. 

fM. 

fM. 

fM. 

fM. 

fM. 

fM. 

fM. 

m«n 

9 

Timothy 

0.23 

0.12 

0.14 

0.004 

0.0005 

0.0005 

trace 

0.4950 

28.043 

10 

Timothy 

0.23 

0.10 

0.08 

0.003 

trace 

trace 

trace 

0.4130 

27.342 

11 

Timothy 

0.22 

0.07 

0.02 

trace 

trace 

trace 

trace 

0.3100 

23.188 

12 

Timothy 

0.24 

0.07 

0.03 

trace 

trace 

trace 

trace 

0.3400 

26.431 

13 

Timothy 

0.26 

0.13 

0.08 

0.004 

trace 

trace 

trace 

0.4704 

28.882 

14 

Timothy 

0.17 

0.07 

0.06 

0.004 

trace 

trace 

trace 

0.3004 

29.583 

Tota 

1 

1.35 

0.56 

0.41 

0.0078 

0.0005 

0.0005 

trace 

2.3288 

163.469 

15 

Red  clover 

0.17 

0.06 

0.09 

0.008 

0.0012 

0.0009 

trace 

0.3301 

27.391 

16 

Red  dovcr 

0.14 

0.06 

0.07 

0.019 

0.0023 

0.0014 

0.0016 

0.2943 

25.720 

17 

Red  clover 

0.17 

0.06 

0.07 

0.018 

0.0027 

0.0011 

0.0007 

0.3225 

28.923 

18 

Reddover 

0.16 

0.09 

0.08 

0.016 

0.0025 

0.0011 

0.0009 

0.3505 

30.100 

19 

Reddover 

0.13 

0.04 

0.07 

0.016 

0.0009 

0.0005 

0.0007 

0.2581 

22.535 

20 

Red  clover 

0.16 

0.04 

0.01 

0.003 

0.0011 

0.0005 

0.0003 

0.2149 

18.884 

Tota 

1 

0.93 

0.35 

0.39 

0.080 

0.0107 

0.0055 

0.0042 

1.7704 

153.553 

NITROGEN  IN  DRAINAGE  WATER  DX7RING  GROWTH  OF  TIMOTHY  AND  RED  CLOVER 

The  soil  in  the  cans  was  leached  with  distilled  water  at  intervals  during  the 
time  the  timothy  and  clover  were  growing.  A  record  was  kept  of  the  amomit 
of  water  that  passed  through  the  soil  and  of  the  nitrates  (NOs)  in  parts  per 
million  contained  in  the  percolate.    Table  2  shows  the  quantity  of  nitrogen 


Digitized  by 


Google 


58 


T.  L.  LYON,  J.  A.  BIZZELL  AND  B.  D.  WILSON 


removed  in  the  drainage  water  from  each  can  at  each  leaching,  also  the  total 
volume  of  water  percolating  through  the  soil  during  the  time  the  timothy  and 
clover  crops  were  growing. 

It  may  be  seen  from  the  figures  in  the  table  given  above  that  most  of  the 
nitrogen  leached  out  of  the  timothy  soil  was  in  the  first  two  leachings  and  that 
the  last  three  leachings  contained  practically  none.  Red  clover,  on  the  other 
hand,  continued  to  give  appreciable  quantities  in  all  the  leachings.  Appar- 
ently nitrification  continued  more  actively  in  the  clover  soil  than  in  the  timothy 
soil  while  the  crops  were  making  their  later  growth,  or  else  the  clover  made 
less  use  of  the  nitrate  nitrogen  of  the  soil  than  did  the  timothy.  The  quantity 
of  nitrate  nitrogen  leached  from  the  clover  soil  after  growth  was  well  started 
was  so  small  as  to  indicate  that  either  nitrification  had  practically  stopped 
or  that  the  clover  was  absorbing  nitrate  nitrogen. 

NITHOGEN  IN  DRAINAGE  WATER  AFTER  THE  SOIL  HAD  REMAINED  FALLOW  FOR 

A  MONTH 

The  crops  having  been  harvested,  the  soil  was  stirred  up  to  a  depth  of  about 
2  inches  and  the  stubble  and  coarse  roots  near  the  surface  were  removed,  but 
the  remainder  of  the  roots  were  left  in  the  soU.    The  soil  was  allowed  to  stand 

TABLE  3 
Nitrogen  in  drainage  water  from  fallow  soil 


CAN 
NUXBIE 

PUVIOT78  CIOF 

VOLUlfX 
Of 

WATER 

mntooEN 

IN 

WATXR 

CAN 

PtZVIOUB  CROP 

VOLUVX 

Of 

DRADTAGX 

WATXR 

nurookn 
nf 

DRADTAOB 
WATKR 

9 

10 
11 
12 
13 
14 

Timothy 
Timothy 
Timothy 
Timothy 
Timothy 
Timothy 

liters 

6.958 

6.158 

7.582 

7.850 

7.060 

7.228 

gm. 
0.0156 
0.0099 
0.0121 
0.0120 
0.0172 
0.0359 

15 

16 
17 
18 
19 
20 

Red  clover 
Red  clover 
Red  clover 
Red  clover 
Red  clover 
Red  clover 

liters 
7.270 

7.605 
7.250 
8.205 
6.452 
7.445 

CM. 

0.1215 
0.0927 
0.0884 
0.1297 
0.0933 
0.1446 

Total. 

42.836 

0.1027 

Total 

44.227 

0.6702 

in  this  condition  from  May  13  to  June  IS,  water  being  added  from  time  to 
time,  but  no  vegetation  being  allowed  to  develop.  It  was  then  leached  and 
nitrates  were  determined  in  the  leachings.  The  volume  of  drainage  water 
from  each  can  and  the  nitrogen  it  contained  are  stated  in  table  3. 

When  the  soil  was  allowed  to  lie  fallow  the  formation  of  nitrates  was  much 
more  active  in  the  soil  previously  in  red  clover  than  in  that  which  had  raised 
timothy.  The  figures  given  above  indicate  a  production  of  about  six  times 
as  much  nitric  nitrogen  in  the  clover  soil.  The  timothy  soil  had  a  large  quantity 
of  easily  nitrifiable  nitrogen  still  present  in  the  form  of  dried  blood,  as  only 
a  small  proportion  of  this  had  been  used  by  the  previous  crop  or  had  been 
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leached  out.  The  greater  quantity  of  nitrates  leached  from  the  clover  soil 
during  this  period  is  evidently  not  to  be  accounted  for  by  the  assmnption  that 
the  clover  crop  did  not  absorb  nitrates.  The  fact  that  the  soil  had  been  leached 
several  times  while  the  clover  was  growing  and  that  the  quantity  so  obtained 
was  small,  would  invalidate  this  assumption.  There  was,  without  doubt,  a 
much  more  active  formation  of  nitrates  following  the  growth  of  clover  than 
of  timothy. 

THE  PSODUCnON  OF  CROPS  ON  SOILS  PREVIOUSLY  PLANTED  TO  TIMOTHY  AND 

TO  RED  CLOVER 

On  June  22  four  of  the  cans  we];e  planted  to  oats  and  four  to  maize,  the 
remaining  four  being  allowed  to  continue  in  fallow  and  being  left  free  of  veg- 
etation during  the  entire  time  the  other  crops  were  on  the  soil.  Both  the  oats 
and  maize  plants  were  beginning  to  appear  above  ground  on  June  27.    The 

TABLE  4 
Volume  of  water  added  to  each  can  between  June  22  and  October  21 


CAM 
NUXBER 

PSEVIOD8  CROP 

PtXSXHT 

CtOP 

WATBX 
ADDED 

CAN 

KUMBEM 

PUVI0U8  CROP 

rSSSBMT 
C»OF 

WATU 
ADDED 

Uitrs 

litfS 

9 

Tiinothy 

None 

30 

15 

Red  clover 

None 

28 

10 

Tiinothy 

Oats 

45 

16 

Red  clover 

Oats 

54 

11 

Timothy 

Maize 

40 

17 

Red  clover 

Maize 

46 

12 

Tiinothy 

None 

29 

18 

Red  clover 

None 

27 

13 

Tiinothy 

Oats 

47 

19 

Red  clover 

Oats 

53 

14 

Timothy 

Maize 

39 

20 

Red  clover 

Maize 

43 

oats  were  thinned  to  18  plants  per  can  and  the  maize  to  3  plants.  Early  in 
July  the  cans  were  taken  out  of  the  greenhouse  and  remained  outside  until 
the  latter  part  of  September,  during  which  time  they  received  the  rainfall. 
The  quantity  of  distilled  water  added  to  each  can  in  addition  to  the  rainfall 
is  shown  in  table  4.  « 

It  will  be  seen  at  once  that  the  oats  and  maize  on  the  soil  previously  in 
red  clover  required  more  water  than  did  the  same  crops  on  the  timothy  soil. 
This  was  reflected  in  the  yields  of  crops,  which  was  greater  on  the  clover  soil. 
The  fact  that  the  oats  required  more  water  than  the  maize  is  probably  to  be 
accounted  for  by  the  small  growth  of  the  latter.^  The  fallow  soils  all  received 
nearly  the  same  quantities  of  water. 

Throughout  the  entire  period  of  growth  the  plants  on  the  clover  soil  were 
more  vigorous.    On  July  15  maize  on  timothy  soil  had  5  leaves  and  that  on 

^The  maize  was  a  very  small  and  early  maturing  variety,  which  probably  accounts  for 
the  small  production  of  dry  matter  and  nitrogen  in  the  crop.  It  would  doubtless  have  been 
better  to  have  used  a  somewhat  larger  variety. 
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dover  soil  7  leaves,  and  the  latter  was  a  deeper  green  and  taller.  On  the 
same  date  the  oats  on  the  clover  soil  had  tillered  nearly  twice  as  much  as  on 
the  timothy  soil  and  was  likewise  a  better  color.  Oats,  however,  did  not 
show  as  much  benefit  from  the  clover  at  an  early  stage  as  did  maize. 

Maize  on  clover  soil  began  to  show  some  tassels  on  August  15,  that  on  timo- 
thy soil  on  August  20.  Oats  on  clover  soil  began  to  head  on  August  17  and 
that  on  timothy  soil  on  August  21. 

On  September  23  the  maize  had  ripened,  but  the  oats  were  only  partly 
yellow.  The  rather  unusual  occurrence  of  maize  ripening  before  oats  was 
probably  brought  about  by  thie  late  planting  of  the  oats,  which  necessitated 
its  early  growth  being  made  during  warm  weather  and  to  the  naturally  early 
maturing  character  of  the  maize. 


TABLE  5 

PREVIOUS  OOP 

Timothy 

10, 11, 13, 14 
16, 17, 19, 20 

tm. 
1.3346 

Red  clover 

2.3951 

TABLE  6 
Volume  and  analysis  of  drainage  water  collected  between  June  22  and  November  14 


CAN  MUIOBEK 

PREVIOUS  CROP 

VOLUIfE  OP  DRAINAGE 
WATER 

NITROGEN  IN  DRAINAGB 
WATER 

9, 10, 11, 12, 13, 14 
15, 16, 17, 18, 19, 20 

Timothy 
Red  clover 

liters 
89.018 
86.793 

gm, 
1.4353 
3.2460 

The  crops  were  left  on  the  soil  until  October  21,  at  which  time  there  was 
no  question  that  the  maize  was  fully  ripe,  but  the  oats  were  still  partly  green. 
The  crops  were  harvested  on  this  date  by  cutting  oflF  the  stems  at  the  surface 
of  the  soil,  after  which  the  grain  and  straw  or  stalks  were  separated.  They 
were  then  dried,  ground  and  subjected  to  analysis,  the  results  of  which  are 
shown  in  table  5. 

The  much  larger  absorption  of  nitrogen  by  the  crops  on  the  clover  soil  is 
at  once  apparent.  The  excessive  application  of  dried  blood  to  the  previous 
crop  might  well  be  expected  to  have  had  a  residual  effect  on  the  crops  grown 
on  the  timothy  soil  but  this  was  slight  as  compared  with  the  influence  which 
red  clover  exerted  on  the  nitrogen  content  of  the  crops  which  followed  that 
legume. 

After  the  crops  were  removed  the  soil  of  each  can  was  subjected  to  repeated 
leachings  in  order  to  remove  the  nitrates  as  completely  as  practicable,  and  on 
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the  figures  of  the  last  leaching  the  quantity  of  nitrates  remaining  in  the  water 
in  the  soil  was  calculated.  The  results  of  the  leachings  during  the  time  when 
the  oats  and  maize  were  growing  and  after  their  removal,  together  with  the 
nitrates  remaining  in  the  soil  water,  are  shown  in  table  6. 

The  total  quantity  of  nitrate  nitrogen  in  the  drainage  water  following  clover 
was  more  than  twice  as  great  as  in  the  water  following  timothy. 


REMOVAL  OF  NITROGEN  FROM  SOIL  FOLLOWING  THE  GROWTH  OF  TIMOTHY  AND 

RED  CLOVER 

It  Still  remains  to  summarize  the  total  removal  of  nitrogen  from  the  soil 
following  the  growth  of  timothy  and  clover.  The  media  in  which  this  nitrogen 
is  contained  are  (a)  the  drainage  water  from  the  soil  which  lay  fallow  for  a 
month  following  the  gr9wth  of  timothy  and  clover,  (b)  the  oat  and  maize 
crops  raised  after  the  fallow,  and  (c)  the  drainage  water  from  the  soil  on  which 

TABLE  7 
Nitrogen  contained  in  crops  and  drainage  water  foUowing  timothy  and  red  clover 


CAN  MUHBSBS 

9.  10.  11 
12    13.  14 

15   16.  17 
18.  19,  20 

Previous  crop 

Timothy 
0.1027 
1.3346 
1.4353 

Red  clover 

^trogen  in  drainage  from  fallow  soil  (gm.) 

0.6702 

Nitrogen  in  crops  of  oats  and  maize  (gm.) 

2.3951 

Nitrogen  in  drainage  from  oats  and  maize  and  bare  soil  (gm.) . . 

3.2460 

Total  quantity  of  nitrogen  removed  (gm.) 

2.8726 

6.3113 

the  oats  and  maize  were  growing  and  from  the  bare  soil  during  the  same  time. 
These  removals  of  nitrogen  are  itemized  and  totaled  in  table  7. 

Comparing  the  total  quantities  of  nitrogen  removed  from  the  two  soils  it 
will  be  seen  that  there  was  a  little  more  than  twice  as  much  from  the  clover 
sofl  as  from  the  timothy  soil.  The  quantity  in  the  drainage  from  the  fallow 
soil  during  the  period  from  May  13  to  June  15  was  six  times  as  great  from  clover 
soil  as  from  the  timothy  soil,  while  the  drainage  from  the  oat,  maize  and  bare 
soil  during  the  period  from  Jime  IS  to  November  14  contained  only  a  little 
more  than  twice  as  much  nitrogen  from  the  clover  soil  as  from  the  timothy. 
The  effect  of  the  clover  in  increasing  nitrate  production  apparently  began 
to  subside  after  a  few  weeks.  In  the  drainage  water  analyzed  on  October  21 
the  nitrogen  from  the  clover  soil  was  only  about  one  and  one-half  times  as 
much  as  from  the  timothy  soil.  Table  8  shows  the  quantities  of  nitrogen 
removed  from  the  soils  kept  bare  of  vegetation  from  the  time  the  timothy  and 
clover  were  removed  in  May  until  the  middle  of  November. 
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It  is  very  apparent  from  this  table  that  the  clover  soil  was  losing  its  nitrate- 
producing  power  much  more  rapidly  than  was  the  timothy  soil.  Nitrate 
production  was  nine  or  ten  times  as  rapid  in  the  clover  soil  immediately  after 
taking  oflF  the  clover  crop,  while  six  months  later  it  was  only  about  one-fourth 
greater.  The  eflFect  of  clover  in  increasing  nitrate  production  is  not  of  long 
duration  under  the  conditions  of  this  experiment  and  if  it  is  as  short-lived  in 
field  soils  the  practice  of  not  plowing  up  a  clover  sod  \mtil  the  farmer  is  ready 
to  replant  the  land  would  seem  to  be  advisable.  If,  however,  the  conditions 
had  been  less  favorable  for  nitrification,  the  eflFect  of  the  clover  might  have 
been  more  enduring.  In  this  case  there  is  some  question  whether  the  eflFect 
of  clover  on  nitrate  formation  is  greater  after  the  first  succeeding  grain  crop 
than  is  the  eflFect  of  the  timothy.    It  should  be  noted,  however,  that  the  clover 

TABLE  8 
RdaUve  nUraU-produdng  capacity  of  uncropped  soil  prevumsly  growing  timothy  and  red  dover 


PKUDD  BXTWSXN  LKACHINGS 


May  13-June  15 

June  15-JuIy  15 

July  15-July  26 

July  26-August  14 

August  14 — ^September  7 . . . 
Sq>tember  7-September  23 
September  23-October  21 . . 
October  21-Novcmber  4. . . 
November  4-November  14. 
Remaining  in  soil  water 


ACTUAL  nODUGTiOn 


Timothy, 
cans  9, 12 


0.0276 
0.0199 
0.0670 
0.08S3 
0.3113 
0.2183 
0.1363 
0.1137 
0.1861 
0.0419 


1.2104 


Clover, 
cans  15, 18 


CM. 
0.2512 

0.1998 
0.1720 
0.3340 
0.6800 
0.4452 
0.1954 
0.1769 
0.2284 
0.0405 


2.7234 


Timothv,        Clover, 
cans  9, 12     cans  15,  IS 


gm, 
100 
100 
100 
100 
100 
100 
100 
100 
100 


tm. 

910 
1004 
257 
387 
218 
204 
143 
155 
123 


was  on  the  soil  for  only  a  short  time  and  the  soil  was  spaded  up  immediately 
after  removing  the  first  crop  of  hay.  It  should  also  be  noted  that  the  grain 
crops  in  the  clover  soil  were  twice  as  large  as  those  in  the  timothy  soil,  which 
is  an  unusually  marked  efiPect  of  the  clover  and  is  probably  to  be  explained  by 
the  fact  that  available  nitrogen  was  the  limiting  factor  in  the  growth  of  the 
grain  crops,  all  the  other  plant  nutrients  having  been  supplied  in  excess. 

If  the  more  abundant  formation  of  nitrates  in  the  clover  was  due  to  the 
more  easily  nitrifiable  character  of  the  nitrogenous  organic  residue  of  that 
crop  it  would  seem  probable  that  this  material  constitutes  only  a  minor  part 
of  the  total  nitrogenous  organic  matter  in  the  clover  roots.  At  least  this  is 
the  case  if  we  assume  that  one-third  of  the  nitrogen  of  the  clover  crop  remains 
in  the  soil.  Calculated  on  this  basis  about  15  gm.  of  nitrogen  would  have 
remained  in  the  six  cans  in  which  clover  was  grown.  There  were  3.4387  gm. 
of  nitrogen  in  the  crops  and  drainage  water  of  the  clover  soil  in  excess  of  that 
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in  the  timothy  soil.  Something  over  one-fifth  of  the  total  nitrogenous  residue 
of  the  clover  crop  had  therefore  nitrified  by  the  time  that  the  rate  of  nitrifi- 
cation in  the  clover  soil  had  declined  to  the  rate  of  the  timothy  soil.  The 
remainder  of  the  residue  from  the  clover  would  not  appear  to  be  much  more 
easily  nitrified  than  the  nitrogenous  residue  from  the  timothy. 

The  experiment  brings  out  certain  data  which  may  be  significant.  In 
the  first  place  it  has  shown  that  more  abundant  formation  of  nitrates  took 
place  in  clover  soil  than  in  timothy  soil  even  when  both  soils  had  received  a 
heavy  application  of  dried  blood  containing  several  times  as  much  easily 
nitrifiable  nitrogen  as  was  contained  in  the  crop  of  timothy  removed.  It 
has  also  demonstrated  that  under  the  same  conditions  the  growth  of  oats  and 
maize  varied  directly  with  the  quantity  of  nitrates  when  these  crops  were 
produced  under  conditions  in  which  nitrogen  was  presumably  the  limiting 
factor.  It  has,  furthermore,  shown  that  only  a  minor  part  of  the  total  nitrogen 
probably  remaining  in  the  roots  of  the  clover  crop  was  nitrified  before  the 
rate  of  nitrate  production  in  the  clover  soil  fell  to  that  of  the  timothy  soil. 

SUMMARY 

Twelve  cylinders  capable  of  being  leached  were  filled  with  a  soil  of  medium 
fertility  and  good  drainage  qualities.  The  soil  was  abundantly  limed  and 
fertilized  with  acid  phosphate,  muriate  of  potash  and  dried  blood.  Six 
cylinders  were  planted  to  timothy  and  six  to  red  clover.  The  soil  of  all  cans 
was  inoculated  with  B.  radicicola  from  clover  nodules. 

During  the  time  the  timothy  and  clover  were  growing  the  soil  was  leached 
with  distilled  water  from  time  to  time.  Nitrogen  was  determined  in  the 
drainage  water  and  in  the  crops  of  timothy  and  clover.  After  these  crops 
were  removed  the  soil  was  allowed  to  remain  in  fallow  for  a  month,  leached 
and  nitrogen  determined  in  the  drainage.  Of  the  cylinders  on  which  timothy 
had  been  grown  two  were  planted  to  oats,  two  to  maize  and  two  kept  free  of 
vegetation.  The  clover  cyhnders  were  treated  in  the  same  way.  All  were 
leached  from  time  to  time  and  nitrogen  determined  in  the  drainage  water 
and  also  in  the  crops. 

There  was  little  diflFerence  in  the  quantities  of  nitrogen  leached  from  the 
timothy  soil  and  clover  soil  during  the  time  those  two  crops  were  growing 
on  them.  There  was  about  six  times  as  much  nitrogen  leached  from  the  clover 
soil  during  the  month  that  both  soils  stood  fallow  after  the  timothy  and  clover 
crops  had  been  removed.  There  was  only  about  twice  as  much  nitrogen 
leached  from  the  fallow  clover  soil  as  from  the  timothy  soil  during  the  next 
five  months.  At  the  end  of  this  period  the  rate  of  nitrate  production  in  the 
clover  soil  was  little  greater  than  in  the  timothy  soil.  The  crops  of  oats  and 
maize  following  clover  were  larger  and  contained  more  nitrogen  than  did 
those  following  timothy. 
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The  experiment  taken  as  a  whole  shows  that  under  the  same  conditions  of 
soil  and  treatment  clover  caused  a,  greater  production  of  available  nitrogen 
than  did  timothy.  This  effect  is  shown  in  the  nitrate  content  of  the  drainage 
watisr  and  the  total  nitrogen  content  of  the  oats  and  maize.  Whether  the 
clover  stimulated  the  nitrification  process  or  whether  it  contributed  easily 
nitrifiable  material  is  not  apparent  from  the  data.  If  the  greater  production 
of  nitrates  in  the  clover  soil  was  due  to  the  decomposition  of  the  residue  of 
that  crop  it  appears  that  a  portion  of  this  residue  is  more  easily  nitrifiable 
than  dried  blood  and  that  it  constitutes  only  a  small  part  of  the  entire  residue 
of  the  clover  crop. 
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Methods  of  sampling  the  soil  of  fertility  plots  for  investigation  as  to  its 
chemical  content  are  by  no  means  standardized.  One  is  often  led  to  question 
the  conclusions  drawn  by  investigators  from  their  analytical  results  when  the 
method  of  choosing  the  samples  was  not  indicated  or,  when  given,  showed  a 
lack  of  appreciation  of  the  necessity  of  accuracy  in  their  selection. 

The  Official  Methods  of  the  Association  of  Agricultural  Chemists  (4)  leave 
much  to  be  desired  in  specific  suggestions  concerning  this  matter.  The 
directions  specify  the  taking  of  a  "composite  sample"  with  no  statement  as 
to  the  number  or  location  of  the  individual  parts  of  the  composite. 

Wiley  (10)  reviews  the  methods  employed  by  the  more  prominent  agri- 
cultural experiment  stations  of  Europe.  In  most  cases  holes  are  dug  with 
a  spade  and  the  sample  is  secured  by  making  a  composite  from  slices  taken 
from  the  sides  of  these  holes.  The  location  or  number  of  these  holes  is  not 
specified. 

Warington  (8)  points  out  the  difficulties  involved  in  sampling  the  same 
plot  after  some  years  due  to  the  fact  that  the  quantity  of  organic  matter  may 
be  changed  and  the  same  volume  of  soil  may  not  represent  the  same  weight 
of  inorganic  matter  as  was  contained  in  the  original  sample.  He  also  notes 
that  samples  should  be  chosen  for  comparison  when  they  are  in  the  same 
condition^  i.e.,  following  the  same  crop  and  treatment  as  to  cultivation,  and 
suggests  securing  the  sample  after  a  crop  has  been  harvested  and  before  plow- 
ing. Warington  gives  the  method  adopted  by  the  Rothamsted  station  and 
followed  since  1865.  In  this  method  a  square  frame  of  sheet-iron  covering 
an  area  of  144  square  inches  is  driven  into  the  soil  to  a  depth  of  9  inches  and 
the  soil  contained  within  this  area  constitutes  the  sample. 

Many  of  the  methods  given  are  intended  for  soil  survey  purposes.  The 
method  employed  by  the  United  States  Bureau  of  Soils  is  given  by  Whitney 
(9).  Hopkins  (2)  adopted  the  very  definite  plan  of  taking  samples  to  uniform 
depths  but  gives  no  specifications  as  to  distribution  of  borings  in  selecting  a 
composite.  It  is  probably  not  the  intention  of  any  of  those  engaged  in  soil 
survey  to  return  to  the  identical  areas  from  which  the  samples  were  chosen,  to 
collect  a  second  sample  at  some  future  date  for  purposes  of  comparison.  Never- 
theless, there  are  on  record  numerous  cases  in  which  conclusions  have  been 
drawn  from  samples  chosen  at  different  dates  from  approximately  the  same 
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area,  in  which  no  more  adequate  precautions  were  taken  than  those  indicated 
above  for  insuring  that  they  actually  represented  the  areas  in  question. 

Unless  it  is  possible  to  sample  a  given  area  of  soil  as  many  times  as  may 
be  desired  on  the  same  day  with  the  result  that  the  samples  are  practically 
identical  in  composition,  there  is  no  reason  to  believe  that  conclusions  drawn 
from  a  comparison  of  anal3rses  of  samples  chosen  from  the  same  areas  at  periods 
several  years  apart  will  be  trustworthy.  This  is  particularly  true  if  the  work 
is  done  by  different  men  whose  ideas  as  to  how  to  sample  a  plot  of  ground 
differ. 

Leather  (3)  chose  duplicate  samples  made  up  of  a  composite,  of  12  borings 
each,  to  a  depth  of  9  inches  from  areas  on  three  Indian  experiment  stations. 
Determinations  of  the  content  of  nitrogen,  phosphoric  acid  and  potash  were 
made.  The  laboratory  error  was  least  on  the  nitrogen.  The  duplicate  samples 
varied  from  0.001  to  O.OIS  per  cent  of  this  element,  with  an  average  variation 
of  0.006  per  cent. 

Thiel  (7)  selected  an  area  of  200  square  meters  of  uniform  soil  in  which, 
after  the  soil  had  been  spaded  to  plow  depth,  10  stakes  were  driven  as  locations 
for  sampling.  A  spadeful  of  soil  was  selected  from  near  each  stake.  The 
composite  sample  was  then  passed  through  a  2-mm.  sieve,  thoroughly  mixed 
and  dried.  These  operations  were  repeated  twice  each  month  for  a  year. 
Five  determinations  were  made  on  each  composite  with  fairly  concordant 
results.  The  nitrogen  content  of  the  bimonthly  composites,  calculated  to  a 
depth  of  SO  cm.,  varied  from  9,090  to  10,269  kgm.  per  hektare. 

Pfeiffer  and  Blanck  (5)  chose  five  samples  of  soil  from  each  of  6  plots  located 
on  an  area  of  9  square  meters  of  land.  Four  holes  were  dug  on  each  plot  to  a. 
depth  of  25  cm.,  and  a  slice  was  taken  from  the  side  of  each  hole  for  the  com- 
posite. Determinations  were  made  of  the  nitrogen  in  the  composites.  In 
no  case  did  the  nitrogen  in  any  composite  vary  from  the  mean  of  the  5  com- 
posites of  that  plot  by  more  than  0.0063  per  cent. 

Robinson  and  Lloyd  (6)  determined  the  experimental  error  in  sampling 
soil  in  two  fields,  one  of  which  was  quite  uniform  in  texture  and  the  other  was 
not.  We  will  confine  the  discussion  to  the  uniform  field.  No  records  are 
given  as  to  depth  of  sampling  or  type  of  auger  used.  Fifteen  borings  were 
made  at  equi-distant  points  from  an  area  of  }  acre.  Each  boring  was  analyzed 
separately  for  its  content  of  phosphoric  acid.  Assuming  that  the  weight  of 
each  boring  was  the  same,  one  can  make  certain  calculations  as  to  what  the 
percentage  of  phosphoric  acid  would  have  been  with  any  combination  of 
samples  of  a  composite.  The  results  of  these  calculations  show  that  the  com- 
posite made  up  of  the  entire  15  borings  would  have  contained  0.219  per  cent 
of  phosphoric  acid.  By  selecting  other  composites  of  5,  6,  7,  9  and  11  borings 
chosen  according  to  regular  schemes  over  the  area,  the  percentage  of  phos- 
phoric acid  reported  might  have  varied  from  0.212  to  0.229.  The  analytic 
error  is  shown  in  this  investigation,  however,  to  be  greater  than  the  sampling 
error. 
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Bear  and  Salter  (1)  chose  6  composites,  each  consisting  of  38  borings,  to  a 
depth  of  6|  inches,  from  a  plot  of  ^  acre.  These  borings  were  distributed  at 
regular  intervals  over  the  plot.  The  soil  was  passed  through  a  2-mm.  sieve 
and  then  pulverized  to  pass  a  100-mesh  sieve.  Each  composite  was  analyzed 
for  total  carbon,  nitrogen  and  phosphorus.  Five  of  the  six  composites  were 
quite  uniform  in  their  content  of  these  three  elements.  The  greater  variation 
in  the  total  carbon  was  0.07  per  cent,  in  total  nitrogen  0.009  per  cent,  and  in 
total  phosphorus  0.002  per  cent.  In  the  sixth  composite  the  content  of  these, 
three  elements  was  higher  than  the  lowest  of  the  five  other  composites  by 
0.15  per  cent  of  carbon,  0.018  per  cent  of  nitrogen  and  0.004  per  cent  of  phos- 
phorus. The  greatest  variation  in  duplicates  of  any  composite  was  0.02  per 
cent  of  carbon,  0.001  per  cent  of  nitrogen  and  0.001  per  cent  of  phosphorus. 

OBJECT  OP  THIS  EXPE'RTMKNT 

It  seems  desirable  to  have  some  very  definite  plan  of  selecting  soil  samples 
from  fertility  plots  if  analytical  comparisons  are  to  be  made  from  time  to 
time  of  the  effect  of  the  fertilizer  or  other  treatments  the  plots  receive.  It 
is  logical  to  decide  on  the  method  to  be  employed  before  field  work  is  begun 
in  order  that  samples  of  the  original  soil  may  be  selected  and  set  aside  under 
appropriate  conditions  for  comparison  with  samples  to  be  chosen  subsequently 
from  the  same  plot. 

The  first  question  which  it  was  thought  best  to  investigate  was  that  of 
determining  how  to  choose  a  composite  which  would  accurately  represent  a 
plot  for  the  particular  day  on  which  it  was  chosen.  No  consideration  there- 
fore, was  given  to  the  question  of  the  relationship  of  this  sample  to  one  which 
might  be  chosen  from  the  same  area  10  to  20  years  hence. 

PLAN  or  THIS  EXPERIMENT 

Two  plots  of  ground  each  tV  acre  in  size  (21  ft.  by  103.7  ft.)  were  set  aside 
for  this  test.  Plot  I  was  as  uniform  as  could  be  secured  on  the  experimental 
field.  Plot  II  was  chosen  for  its  lack  of  uniformity.  Stakes  were  driven  at 
various  points  in  the  plots  and  strings  were  stretched  from  stake  to  stake. 
At  points  of  intersection  samples  were  chosen.  This  located  the  samples  at 
the  45  points  indicated  in  figure  1.  The  samples  were  chosen  with  a  li-inch 
auger.  The  surface  samples  represented  a  depth  of  6J  inches -and  the  sub- 
surface from  6|  to  13^  inches.  Care  was  taken  to  have  the  soil  at  a  moisture 
content  wHich  would  permit  of  removing  the  auger  from  the  hole  without 
losing  any  of  the  core.  In  this  latitude  the  best  time  for  sampling  is  usually 
in  the  month  of  November.  Surface  material,  leaves  and  grass  were  carefully 
removed  before  sampling  was  begun.  Both  depths  were  secured  by  sinking 
the  auger  to  the  proper  depth  before  removing  it  with  the  core.  If  any  surface 
material  chanced  to  fall  into  the  hole  before  the  selection  of  the  second  depth, 
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this  material  was  carefully  removed  with  the  auger  before  taking  the  sub- 
surface sample.  Each  boring  was  placed  in  a  separate  container,  taken  to 
the  laboratory  and  placed  in  the  drying  room.  Twenty  days  later  both  plots 
were  sampled  again  in  the  same  manner  and  within  an  inch  of  the  same  points, 
the  original  stakes  having  never  been  removed. 

Each  sample  was  weighed  and  prepared  for  analysis  by  discarding  all 
material  which  woxild  not  pass  a  10-mesh  sieve  and  pulverizing  the  remainder 
in  a  planetary  mill  to  pass  a  100-mesh  sieve.  The  weight  of  the  discard  was 
recorded.  Nitrogen  determinations  in  10-gm.  duplicates  were  made  of  each 
air-dry  sample,  making  a  total  for  the  two  samplings  of  720  determinations. 
If  the  duplicates  did  not  check  within  0.1  cc.  of  ^  N  alkali  they  were  both 
discarded  and  another  set  was  run.  This  was  necessary  in  only  a  relatively 
few  cases — the  analyst,  Mr.  J.  R.  Ro3rston,  whose  services  are  acknowledged 
and  appreciated,  having  had  considerable  experience  in  nitrogen  determinations 
in  soils. 

TABLE  1 
ArrangemetU  ofbarmgsfor  composites 


1 
2 
3 
4 
5 

6 
7 
8 


1  to  45,  induaive 

1, 3, 5, 7, 11, 13, 17, 20, 22, 24, 26, 30, 32, 36, 38, 42, 44 

2, 4, 8, 10, 14, 16, 20, 22, 24, 26, 29, 33, 35, 39, 41, 43, 45 

1, 2, 3, 4, 5, 19, 20, 21, 22, 23, 24, 25, 26;  27, 41, 42, 43, 44, 45 

6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 

39,40 
1, 2, 3, 4, 5, 6, 9, 12, 15, 18, 19, 21, 23, 25, 27, 28, 31, 34, 37, 40, 41, 42, 43, 44, 45 
1,2,3,4,5,19,21,23,25,27,41,42,43,44,45 
1, 2, 3, 4, 5, 20, 22, 24, 25, 26, 41, 42, 43, 44, 45 


Plot  I  was  not  as  uniform  in  composition  as  had  been  anticipated.  In  the 
first  sampling  the  nitrogen  content  of  the  borings  varied  from  0.155  to  0.258 
per  cent  in  the  surface  soil  and  from  0.118  to  0.243  per  cent  in  the  sub-surface 
soil.  The  nitrogen  percentages  varied  in  the  second  sampling  in  much  the 
same  way,  but  the  highest  and  the  lowest  nitrogen  content  were  not  alwa3rs 
found  at  the  same  locations  on  the  plot.  In  the  non-uniform  plot  the  nitrogen 
content  of  the  individual  borings  fluctuated  from  0.113  to  0.226  per  cent  and 
that  of  the  sub-surface  from  0.087  to  0.236  per  cent,  with  similar  variations 
in  the  second  sampling.  Since  individual  determinations  of  both  weight  of 
sample  and  nitrogen  content  were  made,  it  was  possible  to  calculate  what 
the  reported  analsrsb  woxild  have  been  if  any  given  combination  of  borings 
had  been  mixed  for  a  composite  sample  before  analyses  were  made.  The 
quantity  of  soil  in  a  boring  varied  considerably.  In  the  first  sampling  of 
plot  I  the  largest  core  contained  248  gm.  and  the  smallest  1 16  gm. 

Arranging  the  single  borings  into  eight  groiq>s  as  shown  in  table  1  according 
to  what  might  be  considered  fairly  logical  schemes  of  sampling,  it  was  found 
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that  the  analyses  which  would  have  been  reported  for  any  plot  on  the  basis 
of  these  composites  varied  considerably  both  with  the  method  of  choosing 
the  samples  for  the  composite  and  the  number  of  samples  entering  into  the 
composite.    Table  2  shows  the  results  of  this  grouping  of  samples. 


TABLE  2 
Nitrogen  in  composites 


Plot  I.    1st  depth. 


Plot  I.    Second  depth. 


Plotn.    First  depth. 


Pbtn.    Second  depth. 


1 
2 
3 
4 
5 
6 
7 
8 

1 
2 
3 
4 
5 
6 
7 
8 

1 
2 
3 

4 
5 
6 
7 
8 

1 
2 
3 
4 
5 
6 
7 
8 


per  uui 

0.210 
0.213 
0.213 
0.211 
0.210 
0.213 
0.215 
0.221 

0.187 
0.188 
0.187 
0.189 
0.186 
0.191 
0.193 
0.195 

0.166 
0.168 
0.168 
0.173 
0.161 
0.168 
0.174 
0.175 

0.144 
0.144 
0.146 
0.148 
0.141 
0.147 
0.150 
0.150 


0.210 
0.210 
0.212 
0.213 
0.207 
0.212 
0.217 
0.219 

0.187 
0.186 
0.187 
0.192 
0.184 
0.192 
0.193 
0.196 

0.161 
0.166 
0.165 
0.173 
0.159 
0.168 
0.175 
0.174 

0.142 
0.143 
0.142 
0.149 
0.141 
0.144 
0.144 
0.149 


0.000 
0.003 
0.001 
0.002 
0.003 
0.001 
0.002 
0.002 

0.000 
0.002 
0.000 
0.003 
0.002 
0.001 
0.000 
0.001 

0.005 
0.002 
0.003 
0.000 
0.002 
0.000 
0.001 
0.001 

0.002 
0.001 
0.004 
0.001 
0.000 
0.003 
0.006 
0.001 


The  outstanding  feature  brought  out  by  this  table  is  that  the  nitrogen 
contents  of  the  duplicate  composites  are  quite  uniform,  no  matter  how  these 
composites  were  selected.  This  indicates  that,  within  certain  limits,  the 
number  of  samples  entering  into  the  composite  is  not  so  important  as  that 
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the  samples  chosen  at  different  times  to  represent  a  plot  should  be  selected 
from  the  same  locations  on  the  plot.  With  the  more  imif orm  plot  the  greatest 
variation  was  0.003  per  cent,  equivalent  to  60  pounds  of  nitrogen  per  2,000,000 
poimds  of  soil.  With  the  less  uniform  plot  the  greatest  variation  amounted 
to  120  pounds  per  2,000,000.  The  composites  resulting  from  the  eight  group- 
ings of  the  samples  show  differences  in  the  nitrogen  content  of  as  much  as 
0.009  per  cent,  or  180  pounds  per  2,000,000. 

Reference  to  figures  2  and  3  shows  that  it  is  unsafe  to  have  the  composite 
made  up  of  too  few  borings.  In  many  cases  the  cores  selected  from  the  same 
location  are  almost  identical  in  nitrogen  content.  At  one  point  in  plot  1, 
however,  the  variation  amounted  to  0.039  per  cent  and  at  several  other  points 
it  exceeded  0.01  per  cent.  It  is  possible  to  so  select  the  borings  as  to  show 
very  marked  differences  in  nitrogen  content  in  duplicate  composites,  provided 
the  number  of  borings  in  the  composite  is  not  large. 

It  would  appear  from  a  study  of  these  data  that  selecting  the  samples  accord- 
ing to  the  arrangement  in  figures  2  or  3  or  a  combination  of  these  two  could 
give  results  very  comparable  with  those  secured  from  taking  the  entire  45 
for  the  composite.  The  total  number  of  borings  for  the  composite  would  then 
be  17  or  in  the  latter  case  30.  If  the  second  samples  were  chosen  from  the 
same  locations  the  data  would  indicate  an  almost  exact  duplication  of  anal3rsis. 
It  would  seem  logical,  however,  to  arrange  these  locations  unifomily  over  the 
plot.  On  the  basis  of  these  analyses  it  is  safe  to  assume  that  a  composite 
of  20  borings  distributed  imiformly  over  the  plot  is  satisfactory,  provided  in 
subsequent  sampling  the  locations  of  the  borings  are  practically  identical 
with  those  of  the  first  sampling.  The  effect  of  cultural  treatment  with  several 
years  intervening  will  be  left  for  a  subsequent  report. 

CONCLUSIONS 

On  the  basis  of  this  study  it  seemed  desirable  to  locate  the  samples  of  soil 
for  the  composite  representing  each  plot  according  to  the  arrangement  indi- 
cated in  figure  4.  There  appears  to  be  no  argument  in  favor  of  selecting 
separate  samples  of  the  surface  and  sub-surface  soil,  but  it  does  seem  desir- 
able that  the  samples  be  chosen  to  a  depth  well  beyond  the  plow  line.  Accord- 
ing to  this  plan  the  composite  from  each  V(r-su3re  plot  would  be  made  up  of 
20  samples,  each  chosen  to  a  depth  of  12  inches  and  arranged  over  the  plot 
as  indicated  in  the  diagram.  In  all  subsequent  sampling  of  these  plots  the 
location  of  the  samples  and  the  method  of  choosing  them  should  be  as  nearly 
an  exact  duplication  of  the  first  sampling  as  possible. 
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THE  EFFECT  OF  AERATION  AND  OTHER  FACTORS  ON  THE 
LIME  REQUIREMENT  OF  A  MUCK  SOIL 
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INT&ODUCTION 

After  the  work  reported  in  this  paper  had  been  practically  completed  the 
attention  of  the  author  was  called  to  a  much  more  elaborate  investigation 
by  Conner  (1)  along  the  same  line.  In  view  of  Conner's  paper  it  might  almost 
seem  that  the  present  one  is  superfluous.  However,  the  methods  and  con- 
ditions of  the  two  investigations  differed  sufficiently  to  justify  publication  of 
the  results  of  both  as  supplemental  to  each  other. 

METHODS  XTSED  AND  EXPESIICENTAL  HSSULTS 

In  Aprily  1919,  the  writer  had  occasion  to  determine  the  lime  requirement 
of  some  muck  soil  from  the  shore  of  Lake  Pontchartrain,  Louisiana,  and  was 
impressed  by  the  fact  that  the  long  time  required  for  air-drying,  together  with 
the  frequent  stirring,  probably  brought  about  chemical  changes  which  would 
affect  the  determination.  Such  oxidation  changes  would  presumably  reduce 
the  acidity.  To  test  this  point  some  of  the  soil,  was  air-dried  in  the  usual 
way  and  ground  to  pass  a  2-mm.  sieve.  Another  portion  was  kept  in  the 
original  moist  condition  in  a  sealed  jar.  Moisture  was  then  determined 
in  both  the  air-dried  and  the  moist  portions  and  the  lime  requirement  of 
each  was  determined  by  the  Johnson  method  (2).  The  equivalent  of  10 
gm.  of  dry  soil  was  weighed  in  each  case  and  enough  water  added  to  the 
air-dried  soil  and  to  the  blanks  to  make  the  total  amount  of  water  the  same 
in  all  cases.  The  mixtures  of  soil  and  bicarbonate  solution  and  also  the  blanks 
were  shaken  10  minutes  before  filtering. 

It  is  recognized  that  the  Johnson  method  for  lime  requirement  is  rather 
new  and  has  not  yet  been  generally  adopted.  However,  it  is  rapid,  simple, 
and  concise  in  its  results,  and  is  believed  to  be  eminently  suited  to  an  investi- 
gation like  the  present  one  where  comparative  results  only  are  desired. 

Contrary  to  expectation,  the  air-dried  sample  gave  a  higher  result  than  the 
undried  sample.  In  other  words,  it  appeared  that  aeration  had  increased 
the  acidity. 
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The  question  then  arose  as  to  whether  a  drained  and  cultivated  muck  soil 
would  actually  tend  to  become  more  sour  than  if  it  were  left  undisturbed  in 
its  original  overflowed,  water-logged  condition.  Incidentally,  it  was  desired 
to  know  how  much  effect  lime,  in  the  quantity  indicated  by  the  Johnson 
method,  would  have  in  reducing  acidity  through  a  considerable  period  of 
time,  and  what  changes  might  take  place  during  storage  of  the  moist  and 
air-dried  soil,  respectively. 

TABLE  1 
Lime  reqmremetU  efmuck  soil  (rfkr  various  Wtatmonis 
(Expressed  in  per  cent  of  calcium  c&tbonate  on  the  basis  of  oven-dry  soil) 


A.  None 

B.  Air-diying 

C.  Aerobic \  ^ 

D.  Anaerobic <^ 

£.  Lime  plus  aerobic l^ 

F.  Lime  plus  anaerobic. .  .<  ^ 


AiaiL 

(OOMPAU 

wm 

APEXL) 

0 

«— 

MoUton 

Liinereqairemait 

Lime  re- 
qttiiviimt 

Mobtaie 

Limenciiiinmait 

pmemS 

{sfiH 

ptretHt 

ptfcmit 

ptr€mU 

76.4 

0.615 

76.1 

0.540 

19.1 

{S:S)««' 

0.418 

18.3 

60.7 
66.6 

78,6 
83.1 

63.7 

0.456 

0.514f»^ 
0.617^-^ 

58.9 

85.0 
85.2 

S:SK« 

Different  portions  of  the  soil  were  lettered  and  preserved  as  follows: 

A.  The  original  moist  soil  (76.4  per  cent  moisture),  sealed  in  a  glass  jar. 

B.  Same  as  A,  only  air-dried  and  ground  to  pass  a  2-nmi.  sieve.     Kept 
in  an  ordinary  screw-top  sample  jar. 

C.  Same  soil  as  A;  150  gm.  in  each  of  two  glass  jars,  1  and  2.    Jars  kept 
uncovered.    Soil  kept  moistened  with  distilled  water  and  stirred  occasionally. 

D.  Same  soil  as  A;  150  gm.  in  each  of  two  glass  jars,  1  and  2.    Soil  covered 
with  distilled  water  and  jars  kept  tightly  sealed. 

E.  Same  as  C  except  for  addition  of  calcium  carbonate  in  the  amount 
indicated  by  the  original  determination  on  A. 

F.  Same  as  D  except  for  the  addition  of  calcium  carbonate  as  in  E. 
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The  tests  were  started  in  April,  1919,  and  continued  approximately  8  months. 
At  the  end  of  the  period  (December,  1919)  the  contents  of  jars  D  and  F  were 
transferred  to  large  porcelain  dishes  and  exposed  to  the  air,  with  occasional 
stirring,  for  a  few  days  until  the  excess  of  water  had  evaporated.  Moisture 
was  then  determined  in  all  of  the  samples,  including  the  original  A  and  B, 
and  the  lime  requirement  was  determined  by  the  Johnson  method,  distilled 
water  being  added  to  all  samples  (except  the  wettest  one — ^F2)  and  to  the 
blanks  in  quantity  to  make  the  relation  of  dry  soil  to  total  liquid  the  same 
in  all  cases. 

Also,  determinations  were  made  on  A  and  B  using  the  same  quantity  of 
diy  soil  and  total  liquid  as  was  used  for  the  original  determinations  on  these 
samples  in  April,  in  order  to  afford  direct  comparison  between  the  two  dates. 

The  results  obtained,  expressed  in  percentage  of  calcium  carbonate  required 
to  neutralize  the  oven-dry  soil,  are  shown  in  table  1. 

DISCUSSION  OF  RESULTS 

The  figures  given  in  table  1  plainly  indicate  that  more  acidity  was  de- 
veloped under  water-soaked,  anaerobic  conditions  than  when  the  moist  soil 
was  kept  aerated  by  stirring.  Comparing  C  with  D  and  E  with  F  it  will 
be  seen  that  the  lime  requirement  of  the  anaerobic  soil  exceeds  that  of  the 
aerobic  soil  by  more  than  0.1  per  cent  in  each  case.  However,  in  view  of 
Conner's  results  (1)  showing  that  the  acidity  developed  by  a  peat  soil  is 
greater  the  more  water  it  contains,  it  cannot  be  considered  as  proved  that 
aeration  was  the  controlling  factor  in  the  experiments  here  reported.  D 
and  F  were  much  wetter  than  C  and  £,  respectively,  and  therdore  would 
probably  have  developed  more  acidity  even  if  C  and  E  had  not  been  me- 
chanically aerated.  But  of  course  the  logical  interpretation  of  Conner's 
results,  as  he  himself  recognizes,  is  that  the  drier  soils  are  better  aerated  by 
diffusion  than  are  the  wetter  soils,  and  that  the  oxidation  thus  accomplished 
is  at  least  one  factor  which  tends  to  decrease  acidity. 

If  the  Johnson  method  furnishes  a  true  or  even  approximate  measure  of 
soO  acidity,  then  it  appears  that  the  addition  of  lime  to  this  soil  has  greatly 
increased  the  rate  of  formation  of  adds.  Thus  sample  E,  which  was  sup- 
posed to  be  exactly  neutral  at  the  beginning  of  the  experiment,  developed 
dturing  the  8  months  a  lime  requirement  of  0.414  per  cent,  while  sample  C, 
which  started  with  a  requirement  of  0.486  per  cent,  showed  0.501  per  cent  at 
the  finish — or  a  difference  of  only  0.015  per  cent  developed  during  the  8-month 
period.  Similarly,  sample  F,  which  was  neutralized  with  lime  at  the  beginning, 
developed  an  acidity  of  0.543per  cent,  while  sample  D,  without  lime,  developed 
only  the  difference  between  0.608  and  0.486  per  cent,  or  0.122  per  cent.  This 
accelerated  rate  of  acid  formation  is  probably  not  to  be  explained  by  the 
presence  of  the  calcium,  but  by  the  Law  of  Mass  Action.  The  exactly 
neutralized  soil  would  naturally  develop  acidity  much  more  rapidly  than 
one  already  containing  much  acid. 
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However  this  may  be,  it  is  evident  that  in  liming  a  muck  soil  for  permanent 
results  one  should  apply  much  more  lime  than  is  indicated  by  the  lime- 
requirement  determination,  in  order  to  take  care  of  subsequently  developed 
acidity. 

As  already  noted  in  the  first  part  of  the  paper,  sample  B,  air-dried,  showed 
a  higher  lime  requirement  than  sample  A,  undried.  Conner  also  found  that 
air-drying  increased  the  acidity  in  many  cases,  though  not  in  the  case  of  an 
organic  soil  containing  much  water,  such  as  sample  A. 

But  when  samples  A  and  B  were  kept  in  storage  for  8  months  some  notable 
changes  took  place.  Sample  A,  containing  76  per  cent  of  water,  developed  a 
considerable  increase  of  acidity  (changing  from  0.486  to  0.615  per  cent) 
while  the  air-dried  sample  (19  per  cent  moisture)  changed  iix  the  other 
direction,  from  0.547  to  0.418  per  cent. 

Some  light  is  thrown  on  the  nature  of  the  Johnson  method  for  lime  re- 
quirement, and  all  similar  methods,  by  a  consideration  of  the  two  sets  of  values 
found  for  A  and  B  in  December.  In  the  first  case,  where  the  same  ratio  of 
dry  soil  to  total  liquid  was  used  as  had  been  used  in  the  April  determinations, 
somewhat  different  results  were  obtained  than  in  the  second  case  where  a 
greater  amount  of  total  liquid  was  used  in  order  to  make  the  results  compar- 
able with  those  of  C,  D,  E  and  F.  This,  of  course,  merely  emphasizes  the 
well  known  fact  that  all  such  methods  are  only  comparative,  not  absolute, 
and  that  conditions  must  be  rigidly  controlled  in  using  them. 

SUIOCARY 

A  typical  black  muck  soil  was  treated  in  various  ways  in  order  to  study  the 
effect  of  aeration  and  other  factors  on  lime  requirement  as  determined  by  the 
Johnson  method. 

It  was  found: 

That  the  lime  requirement  of  this  soil  was  increased  by  air-drying. 

That  when  the  soil  was  kept  moist  and  frequently  stirred  for  a  period  of  8 
months  the  increase  of  acidity  was  decidedly  less  than  when  it  was  kept 
covered  with  water  in  a  sealed  jar. 

That  soil  which  was  first  neutralized  with  calcium  carbonate  and  then  kq>t 
for  a  period  of  8  months,  under  either  aerobic  or  anaerobic  conditions,  de- 
veloped a  great  deal  more  acidity  than  did  unneutralized  soil  under  the  same 
conditions.    This  is  explained  by  the  Law  of  Mass  Action. 

That  the  lime  requirement  of  all  samples  stored  in  a  moist  condition  was 
increased,  but  that  the  air-dried  sample  decreased  in  acidity  during  storage. 

It  was  emphasized  that  results  obtained  by  the  Johnson  and  similar  methods 
are  comparative  rather  than  absolute,  and  that  rigid  conditions  must  be 
adhered  to  in  using  such  methods. 
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Sulphate  of  Ammonia  is  the  most  important  carrier  of 
nitrogen  in  American  agriculture.  The  possibilities  of  its  use 
in  mixed  fertilizers  and  as  a  nitrogenous  top  dressing  are  only 
beginning  to  be  realized.  The  production  has  doubled  in  the 
last  five  years  through  new  by-product  ovens,  yet  one-half  of  the 
possible  production  from  the  coke  now  made  is  wasted  every 
year  due  to  the  use  of  old  beehive  coke  ovens.  The  by-product 
ovens  will  replace  the  beehive  ovens  as  the  demand  for  by- 
products warrant  such  changes. 

In  every  state  where  commercial  fertilizers  are  used,  or 
appear  likely  to  be  needed,  questions  as  to  the  best  methods 
of  using  Sulphate  of  Ammonia  in  agronomy,  olericulture,  and 
horticulture,  will  be  asked.  In  most  cases  the  best  answers 
cannot  be  given  without  experiment  and  investigation.  Fre- 
quently tests  extending  over  a  term  of  years  are  deemed 
advisable.  The  sooner  such  work  is  put  under  way,  the  sooner 
helpful  local  data  will  be  available.  There  are  also  many 
problems  lying  more  in  the  region  of  research  that  require 
solution  and  invite  the  consideration  of  agricultural  scientists 
and  students. 
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Apparatus  Developed  During  1919 

The  New  ^^MacMichael  UniversaF'  Viscosimeter 

The  New  "MacMichael  Universal"  Viscosimeter,  capable  of  testing  the  viscosity 
of  any  fluid  ranging  from  ether  to  the  heaviest  glues,  was  first  exhibited  at  the 
36th  Annual  Convention  of  Official  Agricultural  Chemiats,  at  Washington,  D.  C. 
It  is  the  unanimous  opinion  of  several  chemists,  who  have  carefully  examined  this 
new  viscosimeter,  that  it  will  take  the  same  relative  position  of  importance  in  the 
laboratory  as  the  analytical  balance. 

New  £.  &  A.  MacMichael  Bulletin  Is  now  being  compiled 

The  Hortvet  Cryoscope 

This  new  freezing  point  apparatus  was  also  first  shown  at  the  36th  Annual  CJon- 
vention  of  the  Official  Agricultural  Chemists.  The  official  report  on  this  instru- 
ment was  made  by  Dr.  JuUus  Hortvet,  and  his  report  is  to  be  found  in  the  offi(jial 
record  of  this  meeting.    The  Hortvet  Cryoscope  has  the  following  advantages: 

1.  It  enables  freezing-point  determinations  to  be  made  in  a  short  time — gen- 
erally seven  to  eight  minutes. 

2.  It  eliminates  the  general  inconvenience  and  annoyances  attending  the  use  of 
ordinary  laboratory  appliances. 

3-     It  has  proved  to  be  a  great  economizer  in  the  use  of  the  freezing  material. 
4.    It  provides  for  the  accmrate  control  of  the  freezing  bath. 

Hortvet  Circular,  £.  ft  A.  Bulletin  No.  268,  sent  on  request 

America.  High  Vac.»  P»np, 

These  are  exceptionally  high  grade  rotary  vacuum  pumps,  with  the  following 
points  for  yoiu*  special  consideration: 

1.  Unusually  high  vacuum  for  a  rotary  laboratory  pump — .0001  mm. 

2.  Unusually  high  capacity  for  a  laboratory  vacuum  piunp — 5  cubic  feet  per 
minute. 

3.  Small  power  consumption. 

4.  This  is  not  a  laboratory  toy,  but  is  built  for  continuous  operation — 24 
hours  a  day  and  365  days  in  the  year. 

American  High  Vacuum  Pump  Bulletin  is  now  being  compiled 
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WHAT  DOES  Ph   mean? 

The  fymbol  Ph  b  an  index  of  the  acidity  or  basidtjr — in  other 
words,  of  the  concentration  of  the  hydrogen  ions — m  a  solution. 
The  frequent  occurrence  of  references  to  this  important  quantity 
in  current  scientific  literature  is  an  index  of  its  growing  importance 
in  the  chemical  and  biological  i 


Since  hydrogen  ion  concentration  of  culture  media,  body  fluids 
and  of  other  solutions  has  great  significance,  it  is  important  that 
its  value  be  accurately  measurable. 

G>l(nr,  turbidity,  ligjit  conditions,  or  the  formation  of  pre- 
cipitates should  not  interfere  with  the  measurement.  The  rc^t 
should  be  actual  acidUy,  unmodified  by  a  titrating  solution.  The 
means  for  making  the  measurement  should  be  capable  of  quick 
and  simple  operation. 


THE  TYPE  K  POTENTIOMETER  OUTFIT 

fully  meets  these  demands.  It  does  more — it  has  additional 
features  which  make  it  invaluable  in  the  up-to-date  research  or 
control  laboratory.  It  measures  the  entire  range  of  acidity,  from 
Ph  =  0  to  Ph  =  14.  The  accuracy  is  better  than  .01  Ph.  and 
this  is  limited  only  by  the  reproducibility  of  experimental  con- 
ditions in  the  medium. 

Our  circular  70  C  with  its  supplement  701  gives  interesting 
information  about  the  Type  K  equipment.  These  together  with 
a  bibliography  of  articles  on  electrometric  hydrogen  ion  determi- 
nations, we  shall  gladly  send  you  upon  request. 

LEEDS  &  NORTHRUP  COMPANY 

ELECTRICAL  MEASURING  INSTRUMENTS 
4901  STENTON  AVE.  PHILADELPHIA,  PA. 
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THE  LIME  FACTOR  IN  PERMANENT  SOIL  IMPROVEMENT 
I.  Rotations  Without  Leguhes 

J.  G.  LIPMAN  AND  A.  W.  BLAIR 

New  Jersey  Agricultural  Experiment  Station 

Received  for  pablicatJon  Junaaty  1,  1920 

The  fact  that  lime  in  one  or  another  of  its  forms  has  a  distinct  value  in  the 
production  of  many  crops,  and  in  improving  the  physical  character  of  certain 
types  of  soil,  which  in  the  end  means  improved  crops,  has  long  been  known. 
Thus  for  centuries  lime  materials  have  been  used  in  almost  every  coimtry  and 
for  practically  all  crops.  Various  writers  have  laid  special  emphasis  on  the 
natural  fertility  of  limestone  soils;  that  is,  soils  having  a  high  percentage  of 
carbonate  of  lime;  and  the  expression  that  "a  lime  coimtry  is  a  rich  coimtry" 
has  come  to  be  rather  widely  accepted.  Very  much  has  been  written  concern- 
ing the  reasons  for  the  beneficial  effects  of  lime  on  crop  production,  but  it  is 
probably  safe  to  say  that,  in  the  majority  of  cases,  its  use  has  been  on  general 
principles  rather  than  as  a  result  of  the  careful  searching  out  of  the  reasons 
for  its  effectiveness. 

It  is  well  known  that  its  use  affects  some  crops  more  than  others,  and  that 
some  soils  are  more  responsive  than  others. 

Anyone  who  is  at  all  familiar  with  the  subject  has  heard  the  expression, 
'Xime  makes  the  father  rich  and  the  son  poor,"  the  meaning  of  which,  no 
doubt,  was  that  lime  aids  in  ''mining"  the  soil  rather  than  in  permanently 
building  it  up. 

We  now  know  that  the  words  quoted  do  not  necessarily  express  the  facts. 
Much  depends  on  how  the  lime  is  used,  and  the  system  of  cropping  followed, 
as  to  whether  the  son  will  be  poorer  or  richer  than  the  father. 

A  quarter  of  a  century  ago,  little  was  known  as  to  the  influence  of  lime  on 
soil  organisms,  whereas  we  now  know  that  it  plays  a  very  important  part  in 
this  respect. 

It  has  been  shown,  for  example,  that  there  were  many  more  nodules  on  the 
roots  of  soybeans  grown  on  limed  plots  than  on  imlimed  plots  (4,  5),  and  that 
both  the  beans  and  stalks  from  limed  plots  were  richer  in  nitrogen  than  those 
from  unlimed  plots.  This  perhaps  may  not  be  held  to  be  positive  proof  that 
lime  favors  the  development  of  the  symbiotic  organisms,  and  that  these  organ- 
isms in  turn  enable  the  plant  to  store  up  more  nitrogen  than  plants  on  the 
unlimed  plot;  but  it  is  about  as  near  the  positive  proof  as  we  can  come  with 
our  present  state  of  knowledge.  Certainly,  for  the  practical  man,  the  proof 
is  sufficient. 
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It  has  been  shown  also  that,  for  a  period  of  years,  the  percentage  of  nitrogen 
was  higher  in  alfalfa  hay  from  limed  than  from  unlimed  plots,  and  that,  for 
this  period  of  years,  far  more  total  nitrogen  was  secured  in  the  hay  from  the 
former  than  from  the  latter  (3) .  Here  again,  we  are  lacking  the  positive  direct 
proof  of  the  beneficial  influence  of  lime  on  symbiotic  organisms,  but  the  indirect 
proof  is  at  least  something  to  hold  to  imtil  more  direct  proof  can  be  secured. 

It  is  now  well  known  that  organic  matter  in  the  soil,  such  as  crop  residues 
and  farm  manures,  is  converted  into  new  plant-food  more  rapidly  on  soils 
that  are  well  supplied  with  carbonate  of  lime  than  on  soils  that  have  an  add 
nature.  This  is  explained  on  the  ground  that  the  organisms  which  cause  the 
breaking  down  of  the  organic  matter,  with  the  consequent  formation  of  avail- 
able nitrogen  compoimds,  find  the  soil  containing  the  lime  carbonate,  a  more 
favorable  medium  for  work  than  the  add  soil.  Thus  it  comes  about  that,  other 
limiting  factors  being  overcome,  larger  crops,  or  crops  containing  a  higher 
percentage  of  nitrogen,  or  both,  are  often  produced  on  soils  that  are  abun- 
dantly supplied  with  the  carbonate  of  lime. 

It  is  conceivable,  however,  that  this  process  may  be  carried  too  far;  that  is, 
the  breaking  down  of  the  organic  matter  may  become  excessive,  with  the  so- 
called  "burning  out"  eflfect.  Indeed,  it  is  very  evident  that,  with  favorable 
conditions  and  a  limited  supply  of  organic  matter,  this  must  finally  happen. 
In  other  words,  it  is  dear  that  there  may  be  soils — espedally  those  of  light, 
open  character — shaving  such  a  limited  supply  of  organic  matter  as  to  require 
the  checking  influence  of  a  slightly  add  condition. 

It  is  quite  evident,  therefore,  from  what  has  been  said,  that  in  considering 
the  lime  question,  very  careful  attention  should  be  given  to  the  type  of  soil, 
the  crops  to  be  grown,  and  the  disposition  that  is  to  be  made  of  these  crops. 

It  is  quite  certain  that  such  experiments,  to  be  of  value,  should  be  carried 
on  over  a  considerable  period  of  years,  since  the  composition  of  the  soil  as 
determined  by  methods  of  analysis  now  in  use,  is  seldom  very  much  changed 
in  a  shorter  period  than  5  years. 

It  is  with  the  hope  of  bringing  into  dearer  light  the  reasons  for  the  use  of 
lime  in  agriculture  and  espedally  in  its  rdation  to  the  permanent  improvement 
of  soils,  that  this  work,  covering  a  period  of  10  years,  is  reported. 

PLAN  OF  EXPERDiENT 

In  1908  a  field  experiment  was  laid  out  having  as  its  object  a  study  of  the 
nitrogen  problem  in  crop  production.  The  plan  indudes  a  study  of  the  sources 
of  nitrogen,  the  proper  amoimt  to  apply,  the  influence  of  nitrogen  on  the 
yield  and  composition  of  the  crop,  denitrification  and  other  nitrogen  losses;  also, 
on  accoimt  of  the  important  bearing  which  the  reaction  of  the  soil  has  on 
the  nitrogen  problem,  the  plan  was  made  to  include  the  use  of  lime  in  the 
carbonate  form.  For  this  purpose,  two  series  of  plots  were  laid  out  with 
identical  fertilizer  treatment — ^but  differing  in  that  the  20  plots  hereafter 
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designated  as  lA  to  20A,  were  to  remain  tinlimed  while  the  20  hereafter  desig- 
nated as  IB  to  20B  were  to  be  limed  at  stated  intervals. 

The  soil  is  a  Sassafras  loam,  inclining  to  a  sandy  loam,  which  originally 
contained  0.11  per  cent  of  nitrogen  and  1.22  per  cent  of  total  carbon.  Lime- 
requirement  determinations  were  not  made  at  the  time  the  experiment  was 
started,  but  if  we  may  judge  from  determinations  made  on  unlimed  plots 
later,  it  is  safe  to  assume  that  the  lime  requirement  in  1908  was  about  1600 
to  2000  pounds  of  Ume  (CaO)  for  2,000,000  pounds  of  the  soil.  As  this  land 
had  not  been  under  cultivation  for  a  number  of  years,  it  is  certain  that  up  to 
1908,  no  lime  had  been  applied  within  recent  years. 

The  plots  were  laid  out  75  acre  in  size,  being  about  twice  as  long  as  wide. 
The  crop  rotation,  as  orginaJly  planned,  was:  1  year  of  com,  2  years  of  oats, 
a  year  of  wheat  and  one  of  timothy.  This  was  later  changed  so  that  there 
was  1  year  of  oats  and  two  of  timothy.  This  is  a  rotation  that  was  practised 
more  or  less  some  years  ago,  but  would  perhaps  not  be  applicable  to  present 
conditions. 

Since  the  experiment  provides  for  a  study  of  nitrogenous  fertilizer  materials, 
no  leguminous  crop  can  be  introduced  in  the  rotation,  either  as  one  of  the 
main  crops  or  as  a  green-manure  crop.  However,  it  may  be  noted  here  that 
during  the  summer  and  fall  of  1912,  much  volimteer  clover  appeared  in  the 
timothy  and  made  considerable  growth  after  the  latter  had  been  cut.  This 
clover  was  later  dug  out,  dried  and  weighed,  and  analyzed  for  nitrogen.  The 
3rield  of  dry  matter  (clover)  from  the  limed  plots  was  almost  double  that  from 
the  unlimed  plots  (2).  Likewise,  samples  from  the  limed  plots  showed  a 
higher  percentage  of  nitrogen  than  samples  from  the  unlimed  plots. 

The  lime  treatment  has  consisted  of  finely  ground  limestone  or  oyster  shells 
at  the  rate  of  1  ton  per  acre  just  before  planting  the  com  in  1908,  and  2  tons 
per  acre  again  preceding  the  com  in  1913,  the  liming  thus  taking  place  at 
intervals  of  5  years.  A  careful  record  has  been  kept  of  the  amount  of  nitrogen 
applied  in  the  form  of  manure  and  fertilizer,  and  likewise  of  the  amount 
removed  by  the  crops.  Samples  of  soil  were  collected  for  analysis  previous 
to  applying  the  lime  in  1913,  and  again  in  the  fall  of  1917. 

The  manure  and  fertilizer  treatment  given  these  plots,  the  lime  require- 
ment (Veitch  method)  and  the  analytical  data  secured  on  the  soil  samples 
taken  at  the  end  of  each  5-year  period  are  shown  in  table  1. 

From  this  table  it  will  be  noted  that  the  average  Ume  requirement  in  1913 
for  all  of  the  A  plots  (unlimed)  was  1840  pounds  of  CaO  per  acre,  and  for  all 
the  B  plots  (limed)  1140  poimds.  Thus  notwithstanding  the  ton  of  lime- 
stone per  acre  which  was  used  in  1908,  all  of  the  B  plots  had  become  quite 
acid  at  the  end  of  the  first  5  years. 

At  the  end  of  the  second  5  years  the  average  lime  requirement  for  the  A 
plots  was  1615  pounds  per  acre,  which  is  slightly  less  than  the  requirement 
at  the  end  of  the  first  5  years,  although  no  lime  had  been  applied.  On  the 
other  hand,  the  soil  of  the  B  plots  which  had  in  1913  received  2  tons  of  ground 
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limestone  per  acre  showed  either  an  alkaline  or  only  a  slight  add  condition 
in  1917. 

No  satisfactory  explanation  appears  for  the  less  acid  condition  of  the  A 
plots  in  1917  than  in  1913.  It  is  conceivable  that  such  a  change  might  be 
brought  about  by  the  oxidation  of  organic  acids  resulting  from  careful  and 
thorough  cultural  methods. 

Of  more  interest,  perhaps,  is  a  comparison  of  the  percentage  of  nitrogen 
and  carbon  in  the  soil  from  the  two  series  of  plots.  The  results  are  shown 
in  table  1  along  with  the  lime-requirement  determinations.  A  study  of  the 
averages  shows  that  there  is  distinctly  less  of  both  carbon  and  nitrogen  in  the 
soils  of  the  limed  series  than  in  those  of  the  unlimed  series.  These  averages 
represent  20  plots  in  each  series,  and  cover  a  period  of  10  years.  The  fertilizer 
treatment  which  the  plots  have  received  is  indicated  in  the  table.  The 
majority  of  the  plots  have  received  applications  of  nitrogenous  fertilizers 
somewhat  in  excess  of  general  practice;  a  few  have  received  excessive  amoimts, 
while  a  few  others  have  received  no  nitrogen  at  all. 

TABLE  2 
Average  percentage  of  total  nitrogen  and  carbon  in  limed  and  unlimed  series  at  different  times 


TOTAL  CAUON 

TOTAL  MnaooKV 

Unlimed 

Limed 

Unlimed 

Limed 

AiiaIvsmi  mflHe  in  1909 . , » 

ptrcent 
1.22 
1.24 
1.19 

1.22 
1.15 
1.07 

P^cmt 
0.1118 
0.0969 
0.1005 

0.1118 

Analyses  at  end  of  fiist  5-year  period  (1908-1912) . . . 
Analyses  at  end  of  second  5-year  period  (1913-1917) . 

0.0859 
0.0879 

The  results  of  the  nitrogen  and  carbon  determinations  seem  to  confirm  a 
very  widespread  popular  view  which  holds  that  lime  tends  to  "bum  out" 
the  organic  matter  of  the  soil.  In  the  popular  mind,  however,  the  "burning 
out"  process  is  not  well  tmderstood.  It  should  be  thought  of  as  the  result 
of  biological  processes  in  the  main,  rather  than  of  chemical  processes. 

Moreover,  it  should  be  noted  that  in  this  case  it  was  the  carbonate  of  lime 
and  not  caustic  or  unslaked  lime  that  was  used.  It  would  appear  that  the 
carbonate  of  lime  made  the  conditions  more  favorable  for  the  development 
of  the  organisms  which  break  down  organic  matter,  and  thus  more  organic 
soil  nitrogen  was  converted  into  the  soluble  form  on  the  limed  than  on  the 
unlimed  series. 

If  the  crops  grown  on  this  series  had  used  all  of  this  available  nitrogen, 
then  the  yields  should  have  been  greater  on  the  limed  than  on  the  unlimed 
plots.  If  the  yields  were  not  greater,  then  more  nitrogen  must  have  been 
lost  from  the  limed  than  from  the  tmlimed  plots,  since  the  former  now  con- 
tain less  nitrogen  than  the  latter.  That  this  is  so  is  shown  by  the  averages 
reported  in  table  1,  a  siunmary  of  which  is  given  in  table  2. 
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The  figures  show  a  distinct  loss  of  nitrogen  from  both  the  limed  and  unlimed 
sections  during  the  period  1909-1912,  but  the  loss  from  the  limed  section  is 
0.011  per  cent  more  than  from  the  unlimed  section.  Calculated  to  the  acre 
basis,  this  is  equivalent  to  more  than  200  pounds  of  nitrogen  for  the  plowed 
acre,  or  taking  the  first  5  years,  an  average  loss  over  the  unlimed  plots  of 
more  than  40  pounds  a  year.  There  was  also  a  distinct  loss  of  carbon  from 
the  limed  as  compared  with  the  unlimed  plots  during  this  period. 

The  second  5-year  period  shows  a  distinct  loss  in  carbon  from  both  series, 
but  a  greater  loss  from  the  limed  than  from  the  unlimed  plots.  For  the  nitro- 
gen, on  the  other  hand,  a  slight  gain  is  shown  for  this  period,  but  the  difference 
of  more  than  200  pounds  per  acre  in  favor  of  the  imlimed  plots  still  remains. 

That  this  difference  in  nitrogen  content  is  not  made  up  to  the  limed  plots 
in  a  larger  return  of  nitrogen  through  the  crops  from  these  plots  is  shown  by 
the  average  yields  of  nitrogen  and  dry  matter  for  the  10-year  period,  as  shown 
in  table  3. 

TABLE  3 
Average  pounds  of  dry  matter  and  nitrogen  per  acre  in  crops  from  limed  and  unlimed  plots 


First  5-year  period,  1908-1912*.. . 
Second  5-year  period,  1913-1917t. 


Unlimed       Tfiy*>f*1 


lbs. 

40.66 
28.31 


lbs, 

40.76 
31.07 


DKT  XATTEK 


Unlimed       Limed 


lbs, 
3657 
2768 


3669 
2926 


•  From  Bui.  260,  N.  J.  Agr.  Exp.  Sta. 

t  From  unpublished  results,  N.  J.  Agr.  Exp.  Sta. 

It  will  be  noted  that  for  the  first  5-year  period,  the  yields  of  nitrogen  and 
dry  matter  are  practically  the  same  for  the  limed  and  unlimed  sections.  For 
the  second  5-year  period  the  limed  plots  show  an  increase  of  about  3  pounds 
of  nitrogen  and  160  pounds  of  dry  matter  per  acre  over  the  unlimed  plots. 
However,  against  this  slight  increase,  there  must  be  set  a  loss  of  over  20O 
pounds  of  nitrogen  per  acre  for  the  10  years,  or  more  than  20  pounds  per  acre 
annually.  In  what  way,  then,  has  the  lime  been  a  benefit  either  to  the  soil 
or  to  the  crops  during  the  10-year  period?  Certainly  in  this  case  it  has  proved 
a  detriment  rather  than  a  benefit.  The  yields  on  the  limed  plots  have  not 
been  appreciably  increased  and  at  the  end  of  the  10-year  period  the  soil  on 
these  plots  contains  over  200  pounds  per  acre  less  of  nitrogen  than  the  soil 
on  the  unlimed  plots.  On  the  other  hand,  the  add  condition  of  the  imlimed 
soil  acted  as  a  partial  preservative  of  the  organic  matter,  while  at  the  same 
time  there  was  enough  available  nitrogen,  including  that  which  was  applied, 
to  produce  a  crop  about  equal  to  that  produced  on  the  limed  plots.  The 
limiting  factor,  whatever  it  was,  affected  the  crop  yields  on  the  two  sections 
about  alike,  but  the  reserve  supply  of  nitrogen  was  being  depleted  more  rapidly 
on  the  limed  plots. 
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That  the  organic  matter  of  the  soil  must  be  oxidized  or  "burned  out"  with 
the  formation  of  nitrates  and  other  simple  compounds,  is  inevitable,  and  it 
is  fortunate  that  it  is  so,  for  in  this  way  available  plant-food  is  formed  out 
of  unavailable  crop  residues  and  other  organic  matter,  but  it  is  just  as  inevitable 
that  this  loss  must  be  made  good  in  some  way  if  yields  are  to  be  increased  or 
even  maintained,  and  the  soil  kept  from  wearing  out,  for  the  crop  residues 
on  light  soils  are  not  sufficient  to  maintain  the  reserve  supply  of  organic  matter. 

It  would  not  be  safe  to  say  that  this  will  always  happen  on  all  types  of  soil, 
but  it  is  safe  to  say  that  on  ordinary  well-drained  loam  soils  the  tendency  will 
be  in  this  direction  if  only  non-legimie  crops  are  grown.  It  is  very  evident 
that  on  such  soils,  with  modem  tillage  operations,  the  oxidation  of  organic 
matter  is  sufficiently  rapid  without  the  added  stimulus  of  lime  compounds. 

There  imdoubtedly  are  add  peat  soils,  and  poorly  drained  heavy  clay  soils, 
where  there  is  a  large  amount  of  oxidizable  organic  matter  or  where  oxidation 
proceeds  very  slowly,  on  which  lime  may  be  used  in  connection  with  the  grow- 
ing of  non-legimie  crops  to  excellent  advantage,  but  on  loams  or  sandy  loams, 
we  may  well  question  the  advisability  of  using  lime  when  non-legumes  only 
are  being  grown.  Under  such  a  system  the  use  of  lime  adds  fuel  to  the  fires 
of  destruction. 

The  manner  of  the  loss  of  this  nitrogen  is  still  an  open  question.  Certainly 
a  portion  of  it  was  lost  in  the  drainage  waters,  and  some  escaped  into  the  air 
as  gaseous  ammonia  or  nitrogen,  but  as  to  the  relative  amounts  thus  lost,  we 
know  little.  Russell  (6),  after  discussing  the  various  ways  by  which  nitrogen 
may  be  lost,  says:  "The  exhaustion  of  the  soil  is,  therefore,  not  due  to  the 
removal  of  the  crop,  but  to  the  cultivation."  He  then  refers  to  the  enormous 
loss  of  nitrogen,  nearly  70  per  cent  of  the  amount  applied,  from  one  of  the 
Broadbalk  wheat  plots  which  receives  14  tons  of  stable  manure  annually. 
Because  of  the  small  amoimt  of  drainage  water,  he  thinks  the  loss  of  nitrates 
on  account  of  leaching  is  smaU.    Russell  says  further : 

Experiments  of  this  kind  have  led  to  the  conclusion  that  some  gaseous  product  is  formed 
in  addition  to  nitrates,  and,  as  no  sufficient  amount  of  ammonia  can  be  detected,  it  is  sup- 
posed that  gaseous  nitrogen  is  given  o£f.  The  conditions  for  this  decomposition  appear  to  be 
copious  aeration,  such  as  is  produced  by  cultivation,  and  the  presence  of  large  quantities  of 
decomposable  organic  matter.  Now  these  are  precisely  the  conditions  of  intense  farming 
in  old  countries  and  of  pioneer  farming  in  new  lands,  and  the  result  is  that  the  reserves  of 
soil  and  manurial  nitrogen  are  everywhere  being  depleted  at  an  appalling  rate. 

Russell  refers  to  the  fact  that  there  are  recuperative  agencies  at  work,  but 
adds  that  the  gain  in  nitrogen  does  not  go  on  indefinitely.  The  nitrogen  con- 
tent may  be  maintained  at  a  high  level  when  the  groimd  is  kept  in  grass  and 
leguminous  crops,  and  at  a  low  level  when  it  is  continuously  cultivated. 
"Unfortunately,"  he  concludes,  "on  our  present  knowledge,  it  is  impossible 
to  maintain  a  high  content  of  nitrogen  on  cultivated  land  except  at  a  wasteful 
expenditure  of  nitrogenous  manure." 

Nearly  forty  years  ago.  Sir  John  Lawes  (1)  said  very  much  the  same  thing 
but  in  different  words,  in  speaking  of  experiments  which  he  and  Dr.  Gilbert 
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were  conducting  on  Broadbalk  field.  After  discussing  the  question  'Vhat 
is  exhaustion?"  he  sums  up  the  matter  thus: 

We  have  evidence  of  a  very  laige  loss  in  the  accumulated  stock  of  nitrogen  based  upon 
the  assumption  that  my  land  was  originally  pasture;  there  is  a  further  large  loss  during  the 
period  in  which  the  land  has  been  under  experiment  and  growing  unmanured  com  crt^. 
The  crops  are  declining;  the  amount  of  nitrogen  removed  in  the  crops  each  year  is  declining; 
and,  further,  a  considerable  reduction  of  the  nitrogen  in  the  first  9  inches,  with  an  indication 
of  a  small  reduction  in  the  second  9  inches,  is  shown  by  different  analyses  of  the  soil  itself. 

It  may  be  added  that  the  soil  of  Broadbalk  field  is  well  supplied  with  carbonate 
of  lime,  and  this  may  have  contributed  to  the  rapid  disappearance  of  the 
nitrogen,  especially  on  those  parts  of  the  field  where  legiunes  were  rarely 
grown. 

SX710CARY 

Lime  in  the  carbonate  form  was  used  on  a  loam  soil  at  the  rate  of  1  ton  per 
acre  for  the  first  5  years  and  2  tons  for  the  second  S  years  in  a  S-year  rotation 
of  com,  oats,  wheat  and  2  years  of  timothy.  No  legmne  crops  were  intro- 
duced. Twenty  plots  with  diflFerent  nitrogen  treatment  were  thus  limed  and 
twenty  similar  plots  with  parallel  nitrogen  treatment  were  left  without  lime. 

The  total  yields  of  dry  matter  and  of  nitrogen  for  the  10-year  period  were 
essentially  the  same  for  the  two  sections. 

Analyses  of  the  soil  made  soon  after  the  work  was  started  and  again  at  the 
end  of  each  5-year  period  showed  that  there  was  a  loss  of  nitrogen  from  both 
the  limed  and  unlimed  sections.  However,  the  loss  from  the  limed  section 
was  distinctly  greater  than  from  the  unlimed  section. 

Thus  at  the  end  of  the  10-year  period,  there  was  a  positive  loss  rather  than 
gain  from  the  use  of  lime. 

From  this  work  it  would  appear  that  the  practice  of  using  lime  on  light  to 
medium  heavy  soils,  when  leguminous  crops  are  not  grown  in  the  rotation,  may 
be  questionable.  Under  such  conditions  it  is  quite  possible  that  a  slightly 
add  reaction  may  be  desirable  to  prevent  the  too  rapid  oxidation  of  organic 
matter. 
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In  the  preceding  paper,  the  authors  have  discussed  the  influence  of  lime  on 
crops  grown  in  a  rotation  which,  so  far  as  possible,  excludes  all  legumes.  In 
this  paper,  an  attempt  is  made  to  show  the  influence  of  lime  in  four  different 
rotation  systems,  all  of  which  include  some  legume  crops. 

The  soil  on  which  this  work  was  carried  out  is  of  the  same  character  as  and 
adjacent  to  that  which  was  described  in  the  preceding  paper.  It  is  a  loam 
inclining  to  a  sandy  or  gravelly  phase  and  previous  to  1908  when  the  work 
was  started,  had  been  badly  neglected. 

Twenty-eight  tSr^^cre  plots  were  laid  out  and  these  divided  into  4  sections 
of  7  plots  each,  each  section  being  devoted  to  a  different  rotation  but  all 
sections  having  the  same  lime  treatment.  The  rotations  for  the  different 
sections  are  as  follows: 


DOTATION  1 

ROTATIOir  2 

ROTATION  3 

ROTATION  4 

PLOTS  21-27 

PLOTS  2S-34 

PLOTS  35-41 

PLOTS  42-4S 

1913 

Com  (rye,  vetch, 

Com  (rye,  vetdi, 

Com  (rye,  vetch, 

Com  (rye,  vetch, 

ciinuoD  dover) 

crimson  dover) 

crimson  clover) 

crimson  dover) 

19U 

Oats  (soybeans 
and  cowpeas) 

Potatoes 

Potatoes  (rye) 

Oats  and  peas,  mil- 
let 

1915 

Wheat 

Rye 

Tomatoes       (rye, 
vetchy    crimson 
dover) 

Rye  and  vetch, 
rape 

1916 

Hmothy  and 

Timothy  and 

Lima  beans  (rye, 

Rye,  cowpeas  (rye) 

dover 

dover 

dover) 

1917 

Timothy  and 

Timothy  and 

Cucumbers     (rye 

Oats  and  peas,  cow- 

dover 

clover 

and  vetch) 

peas 

The  first  plot  in  each  section  is  the  check  plot,  that  is,  it  receives  no  lime 
treatment  The  second,  third  and  fourth  plots  in  each  section  received  in 
1913,  },  1  and  2  tons,  respectively,  of  finely  ground  calcium  limestone  per 
acre,  and  the  fifth,  sixth  and  seventh  plots  received  },  1  and  2  tons,  respec- 
tively, of  magnesian  limestone  per  acre.  This  lime  treatment  was  intended 
to  last  throughout  the  5-year  rotation,  1913  to  1917. 
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Samples  of  soil  were  not  collected  when  the  work  was  begun  but  samples 
which  were  taken  from  three  of  the  plots  in  1909  showed  an  average  nitrogen 
content  of  a  little  over  0.10  per  cent.  In  1913  and  again  in  1918,  samples 
were  collected  from  aU  plots  for  lime-requirement  and  total  nitrogen  and 
carbon  determinations.  The  results  of  the  determinations  on  the  two  sets 
of  samples  are  shown  in  another  place  in  this  paper. 

It  should  be  explained  here  that  the  results  of  this  work  for  the  first  five 
years,  1908  to  1912,  have  been  published  (1,  2),  and  will  not  be  included  in 
this  paper  except  in  so  far  as  they  may  be  needed  to  make  dear  the  work  of 
the  second  5-year  period. 

In  summarizing  this  work,  it  was  stated  that  with  comparatively  few  excep- 
tions, both  forms  of  lime  increased  the  yield  of  dry  matter  and  nitrogen 

TABLE  1 

Average  increase  in  yield  of  nitrogen,  in  pounds  per  acre,  (mr  the  check  plots,  for  the 
non-magnesian  and  magnesian  limestone  sections,  1908-1912 


1912 


Plots  21-27     \  Non-magnesian  limestone. 
(Rotation  1)  /  Magnesian  limestone 


Plots  28-34     \  Non-magnesian  limestone. 
(Rotation  2)/  Magnesian  limestone 


Plots  35-41     1  Non-magnesian  limestone. 
(Rotation  3)  /  Magnesian  lipiestone 


Plots  42-48     1  Non-magnesian  limestone. 
(Rotation  4)  /  Magnesian  limestone 


1908 

1909 

1910 

1911 

A«. 

lbs. 

Of. 

lbs. 

7.95 

1.97 

5.95 

2.00 

14.91 

9.70 

11.23 

10.47 

10.27 

0.00 

9.74 

2.79 

3.33 

0.00 

17.17 

4.06 

5.57 

3.93 

* 

8.51 

7.21 

5.93 

* 

6.77 

7.71 

2.75 

52.65 

16.74 

6.41 

12.73 

70  00 

0.00 

ibs, 
2.67 
11.70 

8.55 
5.97 


27.89 
20.05 


*  Nitrogen  determinations  not  made. 

over  the  3delds  given  by  the  check  plots.  It  was  also  pointed  out  that  in 
the  majority  of  cases,  the  dry  matter  of  crops  from  the  limed  plots  showed  a 
higher  percentage  of  nitrogen  than  dry  matter  from  the  unlimed  plots. 

The  influence  of  the  lime  is  clearly  brought  out  by  the  figures  given  in 
table  1  which  show  the  average  increase,  in  pounds  of  nitrogen  per  acre,  over 
the  check  plots,  for  the  two  limestone  treatments.  With  only  slight  excep- 
tion, a  fair  gain  is  shown  for  all  rotations.  The  most  pronounced  exception  is 
the  potato  crop  on  plots  28  to  34  in  1909. 

It  is  significant  that  the  largest  gains  are  shown  for  the  forage  crops  rota- 
tion, plots  42  to  48.  In  1910,  on  these  plots  there  was  a  gain  of  52.65  poimds 
of  nitrogen  per  acre  for  the  non-magnesian  limestone  and  70  poimds  per  acre 
for  the  magnesian  limestone.  In  some  cases,  the  gain  is  greater  for  the  one 
form  of  lime  and  in  other  cases  for  the  other  form. 
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The  average  percentage  of  nitrogen  in  the  soil  samples  collected  in  1913  is 
somewhat  less  than  the  average  of  the  three  samples  taken  in  1909.  This, 
it  is  pointed  out,  appears  to  indicate  a  gradual  loss  of  nitrogen  even  though 
the  plots  had  received  a  moderate  appUcation  of  nitrogenous  fertilizers  and 
had  had  the  benefit  of  two  or  more  leguminous  crops  during  the  rotation. 
The  land,  however,  was  producing  good  crops  which  were  with  one  exception 
being  taken  off  the  land,  and  thus  more  nitrogen  was  being  removed  in  the 
crops  than  was  being  applied  in  the  form  of  commercial  fertilizers. 

The  second  5-year  period  embraces  the  years  of  1913  to  1917  and  the  results 
are  reported  for  the  two  forms  of  lime  as  3deld  of  dry  matter,  per  cent  of 
nitrogen  in  the  dry  matter,  and  total  nitrogen  removed  in  the  crop.  This 
plan  is  carried  out  for  the  four  rotations  and  it  is  thus  possible  to  note  the 
influence  of  the  lime  on  the  yield  of  dry  matter  and  nitrogen  and  also  to 
compare  the  two  forms  of  lime  as  used  in  the  different  quantities. 

KOTATION  1--<}£N£SAL  FAXM  CROPS 

Plots  21-27—1913  to  1917 

This  rotation  consisted  of  one  year  of  com,  one  of  oats,  one  of  wheat  and 
two  of  timothy  and  clover.  Since  this  was  the  beginning  of  the  second  5-year 
period,  there  was  a  timothy  and  clover  sod  to  be  plowed  under  for  com. 
Notes  made  May  1,  1919,  state  that  on  the  check  plot  (plot  21,  no  lime) 
there  was  a  poor  stand  of  clover  in  scattered  weak  bimches  and  that  on  the 
limed  plots  the  stand  was  fair  to  good. 

The  land  was  fitted  for  com  and  finely  ground  limestone  applied  in  accord- 
ance with  the  plans  already  outlined.  Fertilizers  also  were  applied  on  the 
acre  basis  as  follows: 

Add  phosphate,  300  pounds 

Muriate  of  potash,  100  pounds 

A  mixture  of  fish  and  tankage  equivalent  to  200  pounds  of  fish 

This,  it  will  be  noted  furnished  nitrogen  equivalent  to  about  100  pounds  of 
nitrate  of  soda. 

Reed's  Yellow  Dent  com  was  planted  on  June  2  and  this  received  the  usual 
cultivation  during  the  season.  In  late  September,  the  com  was  harvested, 
weighed  and  samples  dried  and  prepared  for  anal3rsis. 

A  cover  crop  of  rye,  vetch  and  crimson  clover  was  seeded  in  the  com  at 
the  last  cultivation.  Notes  made  in  the  early  spring  of  1914  state  that  the 
rye  on  the  no-lime  plot  was  about  4  inches  high  but  that  there  was  no  vetch 
or  crimson  clover  on  this  plot.  The  rye  was  thicker  on  the  other  plots  and 
there  was  also  more  vetch  and  crimson  clover. 

On  April  14  this  cover  crop  was  plowed  under  and  about  one  week  later 
fertilizers  were  applied  and  the  plots  seeded  to  oats.  The  fertilizers  were  the 
same  as  those  used  for  the  com  the  previous  year,  except  that  dried  fish  was 
used  at  the  rate  of  200  pounds  per  acre. 
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In  July  it  was  noted  that  the  oats  on  plot  21  (check)  were  more  mature  but 
the  crop  was  not  so  heavy  as  on  the  lime-treated  plots. 

On  July  27  the  oats  were  harvested  and  samples  prepared  for  analysis. 
Following  the  oats  the  land  was  disked  and  seeded  to  a  mixture  of  soybeans 
and  cowpeas  as  a  cover  crop.  The  beans  and  peas  grew  finely  and  on  Sep- 
tember 14  were  plowed  under  preparatory  to  seeding  the  wheat.  The  plants 
were  6  to  7  inches  hi^  and  appeared  to  be  well  inoculated.  Fertilizers  were 
applied  as  follows: 

lbs.  pw  acn. 

Acid  phosphate 500 

Muriate  of  potash 100 

High-grade  tankage 200 

On  September  30,  wheat  was  seeded  at  the  rate  of  7}  pecks  per  acre.  Notes 
made  April  15, 1915,  and  again  on  May  1  state  that  the  wheat  on  plot  21  was 
not  so  good  as  on  the  other  plots.  The  wheat  was  harvested  July  9,  weighed, 
and  samples  prepared  for  analysis.  The  land  was  then  fitted  for  timothy 
and  clover  and  fertilizers  applied  on  the  acre  basis  as  follows: 

Ihs, 

Add  phosphate 400 

Muriate  of  potash 100 

Nitrate  of  soda 50 

The  full  application  of  nitrate  was  200  pounds  per  acre,  but  150  poimds 
of  this  was  reserved  for  a  top-dressing  to  be  applied  in  the  spring.  The 
timothy  and  clover  were  seeded  on  September  2  and  this  seeding  resulted  in  a 
good  stand.  On  April  13,  1916,  the  remainder  of  the  nitrate  of  soda  was  i^ 
plied  as  a  top-dressing.  A  note  made  June  1  states  that  there  was  practically 
no  clover  on  plot  21.  The  crop  was  harvested  July  5,  weighed  and  sampled. 
On  August  22,  a  second  cutting  of  this  crop  was  made,  and  it  was  noted  at 
this  time  that  the  timothy  was  too  short  to  be  a  factor  and  that  there  were 
only  a  few  bunches  of  clover  on  plot  21.  The  plots  that  received  2000  pounds 
of  limestone  were  about  three-quarters  covered  with  clover,  while  those  that 
received  4000  pounds  were  entirely  covered.  The  crop  was  weighed  and 
samples  prepared  for  analysis. 

On  November  9,  add  phosphate  and  muriate  of  potash  were  applied  to  the 
timothy  and  clover  at  the  rate  of  300  poimds  and  100  pounds  per  acre, 
respectively. 

The  following  spring  nitrate  of  soda  was  applied  as  a  top-dressing  at  the 
rate  of  200  pounds  per  acre. 

On  Jime  1  it  was  noted  that  there  was  not  very  much  clover  on  any  of  the 
plots.  This  is  shown  by  the  low  nitrogen  content  of  the  hay,  analysis  of 
which  is  reported  in  table  3.  The  crop  was  harvested  July  5,  weighed  and 
sampled  for  analysis.  As  already  indicated,  samples  of  all  these  crops  were 
carefully  dried  and  the  yield  of  dry  matter  calculated  on  an  acre  basis.  Nitro- 
gen determinations  were  made  on  all  samples,  thus  providing  for  the  calcu- 
lation of  the  total  nitrogen  in  the  crops. 
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The  3delds  of  dry  matter  and  total  nitrogen  per  acre  and  the  percentage  of 
nitrogen  in  the  dry  matter  for  the  various  crops  for  the  5-year  period  are 
shown  in  tables  2,  3  and  4. 

Considering  first  the  3delds  of  dry  matter  as  shown  in  table  2,  it  will  be 
noted  that  with  only  slight  exception,  the  plots  receiving  the  lime  treatment 
have  given  better  3delds  than  the  check  plots.  The  most  notable  exception  is 
the  oats  crop  of  1914,  where  the  check  plot  yielded  more  grain  than  any  of  the 
treated  plots.  In  the  case  of  the  other  crops  the  check  plot  invariably 
yielded  less  than  the  treated  plots. 

TABLE  2 
RotaHon  1 — FidJ  of  dry  maUer,  in  pounds  per  acre,  far  5  years,  1913-1917 


UMESXONS 

AFPUKD 
PSKACU 

1913 

1914 

1915 

1916 

1917 

TOTAL 

AMNUALIN- 

CUASBOVn 

CHECK. 

run 

Com 

OaU 

Wheat 

Timo- 
clover 

Red 
clover 

Timo- 
clover 

Grain 

Stover 
straw 
hay 

V 

Grain 

stover 

1 

1 

1 

1 

1 

1 

straw 
hay 

21 

IBs, 
Check 

lbs. 
8,S0 

lbs, 
2650 

lbs, 
660 

lbs. 
860 

lbs. 
1040 

lbs. 
1240 

lbs. 
3600 

lbs. 
200 

lbs. 
2620 

lbs. 
2550 

lbs. 
11,170 

lbs. 

lbs. 

Caldum-Iimestone  section 

I 

22 
23 
24 

1000 
2000 
4000 

1225 
1400 
1675 

2800 
2950 
3150 

480 
600 
600 

800 
1040 
1020 

1200 
1260 
1240 

1440 
1640 
1480 

3680 
4380 
4400 

980 
1420 
1660 

3520 
3640 
3500 

2905 
3260 
3515 

13,220 
15,070 
15,210 

118.3 
236.7 
321.7 

410 
780 
808 

Ayerage  — 

1433 

2967 

560 

953 

1233 

1520 

4153 

1353 

3553 

3227 

14,500 

225.6 

666 

Magnettan-Umestone  section 

25 
26 
27 

1000 
2000 
4000 

1850 
1875 
2000 

3500 
3500 
3200 

620 
600 
640 

1040 
1120 
1040 

1067 

1240 
1260 
1220 

1600 
1680 
1600 

4440 
4620 
4540 

1100 
1920 
1800 

1607 

3520 
3800 
4220 

3210 
3735 
3860 

»^  ^^  »^ 
III 

220.0 
395.0 
436.7 

806 
1094 
1046 

Average 

1742 

3400 

620 

1240 

1627 

4533 

3847 

3602 

16,080 

350.6 

982 

Vfiiii  very  slight  exception,  there  is  some  increase  in  yield  with  each  increase 
in  the  amount  of  calcium  limestone  applied,  and  likewise  an  increase  from 
the  1000  to  the  2000-pound  application  of  magnesian  limestone.  On  the 
other  hand,  there  is  not  so  often  an  increase  in  yield  from  the  2000  to  the 
4000-pound  application  in  this  section.  It  is  to  be  noted,  however,  that  the 
average  jdelds  on  the  magnesian-limestOne  section  are  without  exception, 
larger  than  the  corresponding  yields  for  the  caldum-limestone  section. 
'  The  average  annual  increase  for  the  check  plots  for  the  caldum-limestone 
section  is  for  the  grain  225.6  pounds,  and  for  the  straw,  hay,  etc.,  666  poimds, 
whereas  the  corresponding  figures  for  the  magnesian-limestone  section  are 
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TABLE  3 
RoUUion  1 — Yidd  of  nitrogen,  in  pounds  per  acre,  removed  by  crops  for  the  years  1913-1917 


21 


AFFLXXDFER 


lbs. 
Check 


1913 


Com 


lbs, 
10.31 


lbs. 
15.30 


1914 


OaU 


I 


lbs, 
13.36 


I 


lbs, 
6.29 


1915 


Wheat 


lbs, 
20.47 


lbs. 
3.66 


1916 


Time- 

and 
clover 


lbs. 
31.18 


Red 
clover 


lbs. 
4.32 


1917 


Timo- 

and 
dover 


lbs. 
19.91 


TOTAL 
NITEO- 

CEir 
GBAIN, 
KAT, 
ETC. 


ibs. 
124.80 


lbs. 


Caldum-limestone  section 


22 
23 
24 


1000 
2000 
4000 


Average . 


15.35 
18.37 
24.12 


19.28 


17.76 
21.90 
25.21 


21.62 


10.48 
13.27 
13.16 


12.30 


6.56 

8 

7.64 


9025 


24.30 
16 
24.63 


7.7024.70 


3.96 

6. 

4.07 


3052 


4.78 


41.29 
.74 
52.58 


48.87 


25.03 
35.87 
44.97 


35.29 


28.51 
30.90 
29.72 


29.71 


173.24 
213.41 
226 


204.25 


1020 


9.69 
17.72 
26 


15.89 


Magnesian-limestone  section 


25 
26 
27 


1000 
2000 
4000 


Average, 


17.17 
25.71 
29.78 


24.22 


23.99 
26.57 
24.40 


24.99 


13.60 
13.10 
15.12 


13.94 


7.88 

10.28 

8.90 


9.02 


25.13 
24.80 
24.24 


24.72 


3445 


5. 

4.79 

5.50 


5.21 


78 
54.79 
52.1647. 


50.91 


28.90 

51.30 

61 


27.81 
32.26 
34.56 


42.6031.54 


195 

243.60 

242.27 


6014 


227.16 


16 
23.76 
23.49 

20.47 


TABLE  4 
Rotation  1 — Per  cent  of  nitrogen  in  dry  matter  of  crops  for  the  years  1913-1917 


LDCESTONE 
AFPLIXD  PEE  ACEE 

1913 

1914 

1915 

1916 

1917 

tun 

Com 

OaU 

Wheat 

Time- 
thv  and 

Red 
clover 

Timo- 

thv  and 

clover 

Grain 

Stover 

Grain 

Straw 

Grain 

Straw 

Clover 

21 

lbs. 
Check 

percent 
1.213 

0.573 

2.024 

percent 
0.731 

percent 
1.968 

percent 
0.295 

percent 
0.866 

percent 
2.161 

0.760 

Caldum-limestone  section 


22 
23 
24 

1000 
2000 
4000 

1.253 
1.312 
1.440 

0.652 
0.761 
0.820 

2.184 
2.211 
2.193 

0.820 
0.856 
0.749 

2.025 
1.99V 
1.987 

0.275 
0.384 
0.275 

1.122 
1.204 
1.195 

2.554 
2.526 
2.709 

0.810 
0.849 
0.849 

Averag 

e 

1.335 

0.744 

2.196 

0.808 

2.003 

0.311 

1.174 

2.596 

0.836 

Magnesian-limestone  section 


25 
26 
27 

1000 
2000 
4000 

1.272 
1.371 
1.489 

0.711 
0.790 
0.810 

2.193 
2.184 
2.362 

0.758 
0.918 
0.856 

2.027 
1.968 
1.987 

0.334 
0.285 
0.344 

1.031 
1.186 
1.149 

2.627 
2.672 
2.645 

0.790 
0.849 
0.819 

Averag 

e 

1.377 

0.770 

2.246 

0.844 

1.994 

0.321 

1.122 

2.648 

0.819 
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for  the  grain  350.6  pounds,  and  straw,  hay,  etc,  982  pounds.  Attention 
should  be  called  to  the  very  wide  difference  between  the  yield  of  red  clover 
on  the  check  plot  and  the  treated  plots  for  1916.  This  crop,  as  is  well  known, 
is  especially  susceptible  to  the  unfavorable  soil  condition  brought  about  by 
the  deficiency  of  Ume. 

What  has  been  said  with  reference  to  the  3deld  of  dry  matter  will  apply 
in  most  cases  to  the  yield  of  total  nitrogen  shown  in  table  3.  With  very  few 
exceptions,  the  lime  treatments  have  resulted  in  an  increase  of  total  nitrogen 
over  the  check  plot  The  2000-pound  application  of  both  forms  of  lime,  in 
nearly  all  cases,  shows  an  increase  over  the  1000-pound  application.  In  a 
number  of  cases,  on  the  other  hand,  the  4000-pound  application  shows  no 
increase  over  the  2000-pound  application.  The  total  3delds  of  nitrogen  for 
the  5  years  are  as  follows: 


Check. 


f!tt.l^7iiiyn  lixnestoiie. 


Magnesian  limestone. 


195.6 
243.5 
242.3 


From  these  figures  it  will  be  noted  that  with  the  calcium  limestone  4000 
pounds  gave  a  slightly  higher  3deld  than  2000  poimds.  With  the  magnesian 
limestone,  the  3delds  with  the  2000  and  4000-poimd  applications  are  prac- 
tically the  same. 

The  annual  increase  for  the  calcium  limestone  plots  over  the  check  plots 
ranges  from  9.69  pounds,  with  the  1000-pound  application  to  20.26  pounds 
with  the  4000-poimd  application.  In  the  case  of  the  magnesian  limestone  the 
increase  is  14.16  poimds  with  the  1000-pound  appUcation,  23.76  pounds  with 
the  2000-pound  application,  and  23.49  pounds  with  the  4000-pound  appli- 
cation. Excluding  the  1000-pound  applications,  the  increases  per  acre  will 
average  above  20  pounds  per  year.  Thus  the  increase  for  one  year  would 
more  than  pay  the  cost  of  the  limestone. 

The  percentage  of  nitrogen  in  the  dry  matter  as  reported  in  table  4  is  of 
especial  interest.  With  very  few  exceptions,  it  is  higher  in  the  samples  from 
the  limed  plots  than  in  those  from  the  check  plots.  This  is  true  of  the  grain 
and  also  of  the  straw,  com  stover  and  hay.  In  earlier  publications  we  have 
called  attention  to  this  effect  of  lime  and  have  suggested,  in  the  case  of  the 
legume  crops,  that  the  lime  tends  to  establish  soil  conditions  favorable  to 
the  development  of  those  organisms  which  aid  the  plant  in  storing  up  atmos- 
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pheiic  nitrogen.  The  higher  percentage  of  nitrogen  in  non-leguminous  plants 
is  no  doubt  in  part  an  indirect  effect  of  the  stimulation  of  the  symbiotic 
organisms,  that  is,  the  utilization  of  nitrogen  which  was  secured  through 
leguminous  plants,  and  in  part  the  result  of  the  stimulation  of  those  organisms 
which  nitrify  organic  matter  in  general. 

To  increase  the  crop  yield  means  much,  but  to  increase  also  the  nitrogen 
content  of  the  crop  adds  still  further  to  its  total  value. 

The  average  percentages  of  nitrogen  in  the  crops  from  the  two  sections  differ 
but  slightly,  that  is,  the  average  percentage  of  nitrogen  in  the  crops  from  the 
magnesian-limestone  section  is  not  appreciably  greater  than  the  average  in 
crops  from  the  calcium-limestone  section. 

Referring  again  to  the  total  yield  of  nitrogen  (table  3)  it  may  be  pointed 
out  that  with  2000  poimds  per  acre  of  magnesian  limestone,  the  timothy  and 
clover  crop  of  1916  removed  slightly  more  than  100  pounds  of  nitrogen  per 
acre.  In  comparison  with  this,  it  will  be  noted  that  the  com  crop  of  1913 — 
grain  and  stover — ^removed  about  one-half  as  much  nitrogen.  The  smallest 
amoimt  of  nitrogen  was  removed  by  the  oat  crop  of  1914.  This  was  some- 
what below  the  normal,  because  the  oats  shattered  badly  at  the  time  of 
harvesting. 

The  fertilizers  which  were  applied  during  the  5  years  carried  a  total  of 
about  108  pounds  of  nitrogen.  The  crops  on  the  caldum-limestone  section 
removed  an  average  during  the  same  period  of  a  little  more  than  200  pounds 
per  acre,  and  those  on  the  magnesian-limestone  section  removed  an  average 
of  nearly  230  pounds  per  acre.  There  is  good  reason  for  believing  that  this 
excess  over  the  amount  applied  is  being  drawn  from  the  atmosphere  largely 
through  the  legume  crops.  If  it  is  not  being  thus  secured  then  the  soil  is 
gradually  being  depleted  of  its  nitrogen  supply.  This  question  will  be  further 
discussed  in  connection  with  the  table  showing  the  percentage  of  nitrogen  in 
the  soil. 

kotahon  2— general  pakm  crops  with  potatoes 

Plots  28-34—1913  to  1917 

This  rotation  consists  of  one  year  of  corn,  one  of  potatoes,  one  of  wheat 
and  two  of  timothy  and  clover.  As  in  the  case  of  rotation  1,  plots  21  to  27, 
the  timothy  and  clover  sod  preceded  the  com  and  the  com  crop  was  ferti*- 
lized  and  cared  for  in  the  same  way  as  in  rotation  1.  Early  in  August  a  cover 
crop  of  rye,  vetch  and  crimson  clover  was  seeded  in  the  com.  Notes  taken 
April  8,  1914,  show  that  the  rye  was  thin  on  plots  28  and  29,  and  also  that 
there  was  not  much  vetch  and  crimson  clover  on  these  plots.  This  cover 
crop  was  plowed  under  about  the  middle  of  April,  1914,  and  fertilizers  appKed 
on  the  acre  basis  as  follows: 

lbs. 

Acid  phosphate 300 

Muriate  of  potash 100 

Dried  fish 200 
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Early  in  May  the  plots  were  planted  to  Green  Mountain  potatoes.  After 
these  had  been  planted,  it  was  decided  that  the  first  application  of  ferti- 
lizers was  not  sufficient  and  the  following  additional  application  was  made 
per  acre — 100  pounds  of  add  phosphate  and  200  pounds  of  muriate  of  potash, 
thus  making  the  total  application  400  pounds  of  add  phosphate,  300  poimds 
of  muriate  of  potash  and  200  pounds  of  dried  ground  fish.  This  fertilizer 
was  spread  broadcast. 

The  crop  was  cultivated  and  sprayed  in  the  usual  way  throughout  the 
season.  Potatoes  were  dug  about  the  twenty-fifth  of  August  and  later  the 
plots  were  disked  preparatory  to  seeding  to  rye.  Fertilizers  were  applied  on 
the  acre  basb  as  follows: 

lbs. 

Add  pho^hate 300 

Muriate  of  potash 100 

High-grade  tankage 200 

The  plots  were  seeded  to  rye  at  the  rate  of  6  pecks  per  acre  (vetch  and 
crimson  dover  were  not  induded  in  this  seeding). 

Notes  taken  April  15,  1915,  state  that  the  rye  was  8  to  10  inches  high  at 
that  time.  The  rye  was  harvested  as  grain  the  last  of  June  and  about  the 
last  of  August  the  land  was  prepared  and  seeded  to  timothy  and  dover.  For 
this  crop  fertilizers  were  applied  on  the  acre  basb  as  follows: 

lbs. 

Add  phosphate 400 

Muriate  of  potash 100 

Nitrate  of  soda 50 

On  April  13,  1916,  these  plots  received  a  further  top-dressing  of  nitrate  of 
soda  equivalent  to  150  pounds  per  acre.  On  June  6,  the  timothy  on  these 
plots  was  about  22  to  24  inches  high.  There  was  very  little  clover  on  the 
check  plot  (no.  28),  though  there  was  a  fine  stand  on  the  other  plots.  On 
July  5  the  crop  was  harvested  and  weighed  and  the  samples  prepared. 

On  August  1  the  second  growth  of  clover  on  these  plots  was  reported  as 
about  12  to  15  inches  high,  but  it  was  noted  that  there  was  very  little  on 
plot  28.  This  second  growth  was  cut  and  weighed  and  samples  prepared 
August  23.  On  November  9  the  plots  were  fertilized  at  the  following  rate 
per  acre: 

lbs. 

Add  phosphate , 500 

Muriate  of  potash 100 

Qn  April  12,  1917,  nitrate  of  soda  was  applied  at  the  rate  of  200  pounds 
per  acre,  no  nitrate  having  been  applied  the  previous  fall.  The  effect  of  this 
top-dressing  was  soon  apparent,  and  the  timothy  made  a  good  growth.  The 
dover  was  poor.  The  crop  was  harvested  and  weighed  July  5  and  samples 
prepared  for  anal3rsis.  The  3deld  of  dry  matter  and  total  nitrogen  from 
these  plots  and  the  percentage  of  nitrogen  in  the  dry  matter  are  reported  in 
tables  5,  6  and  7. 
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The  yields  of  dry  matter  for  the  5-year  period  are  summarized  in  table  5. 
For  the  com  and  the  timothy  and  clover  the  lime  treatment  shows  fair  in- 
creases over  the  check  plots.  For  the  potatoes  and  rye — 1914  and  1915 — 
the  3delds  on  the  treated  plots  are  slightly  less  than  those  on  the  check,  with 
the  exception  of  the  potatoes  on  the  calcium  limestone  section.  The  failure 
of  these  crops  to  respond  to  the  lime  treatment  was  probably  due  to  the 
partial  failure  of  the  cover  crop  which  preceded  the  potatoes,  and  the  absence 
of  any  legume  cover  crop  preceding  the  rye.    Or  to  express  the  matter  an- 

TABLE5 
RotaUan  2— Yield  of  dry  matter*  in  pounds  per  acre,  for  the  5-year  period,  1913-1917 


LDOSTOirX 

applhd 

PUACRX 

1913 

1914 

1915 

1916 

1917 

I 

TOTALt 

YSAJULYIM- 

CBZASEOVEK 
CHXCX 

nor 

Corn 

1 

Rye 

1 

lbs. 
3920 

Pi 

1 

i 
h 

o  ^ 

1 

1 

1 

Si 

1 

1 

<n 

28 

Utt. 
Check 

lbs. 
1050 

lbs. 
2425 

lbs. 
6200 

lbs. 
1400 

lbs. 
2680 

lbs. 
660 

lbs. 
3500 

2450 

lbs. 
13,185 

lbs. 

lbs. 

Caldum-limestone  section 

29 
30 
31 

1000 
2000 
4000 

1850 
1900 
2025 

1925 

2575 
2425 
2725 

7040 
7100 
6560 

1360 
1400 
1280 

2600 
2700 
2560 

4320 
4820 
4520 

960 
1160 
1580 

3680 
4440 
4500 

3210 
3300 
3305 

14,135 
15,545 
15,885 

380 
425 
428 

411 

238 
590 
675 

Average .... 

2575 

6900 

1347 

2620 

4553 

1233 

4207 

3272 

15,188 

501 

Magnesian-limestone  section 

32 
33 
34 

1000 
2000 
4000 

2000 
2050 
2200 

2700 
2700 
2525 

5960 
5620 
5240 

1440 
1520 
1320 

2600 
2800 
2560 

2653 

4620 
4440 
4200 

4420 

1080 
1760 
1660 

1500 

3960 
3840 
3580 

3793 

3440 
3570 
3520 

3510 

14,960 
15,540 
14,525 

495 
560 
535 

530 

444 
589 
335 

Average 

2083 

2642 

5607 

1427 

15,008 

456 

♦  Field  weight  of  potatoes. 

t  Potatoes  not  included  in  total. 

other  way,  the  lime  could  not  exert  its  full  benefit  in  the  partial  or  complete 
absence  of  those  crops  through  which  it  manifests  itself  most  readily.  The 
most  notable  increases  occur  with  the  mixed  timothy  and  clover  and  clover 
alone.  The  latter  shows  an  increase  of  more  than  IOC  per  cent  with  the  mag- 
nesian  limestone  and  almost  as  much  with  the  calcium  limestone. 

The  yields  of  total  nitrogen  which  are  shown  in  table  6  follow  quite  closely 
the  yields  of  dry  matter.  In  the  case  of  the  com  (grain)  and  the  red  clover  the 
increase  amounts  to  over  100  per  cent.  The  potatoes  and  rye  on  the  check 
plot  yielded  very  nearly  the  same  amount  of  nitrogen  as  on  the  treated  plots. 
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On  the  caldum-limestone  plots,  there  was  recovered  aH  average  of  nearly 
228  pounds  of  nitrogen  per  acre  for  the  5-year  period  and  on  the  magnesian- 
limestone  plots  an  average  of  about  234  pounds  for  the  same  period,  or  more 
than  45  pounds  per  ^cre  per  annum.  During  the  5  years,  there  was  applied 
to  these  plots  about  108  poimds  of  nitrogen,  or  22  pounds  per  year.  Appar- 
ently we  have  here  a  loss  of  about  24  pounds  per  acre  annually,  but  undoubt- 
edly this  loss  was  more  than  made  up  by  the  nitrogen  secured  through  the 
legume  crops. 

Table  7  shows  the  percentage  of  nitrogen  in  the  dry  matter  of  the  dififerent 
crops.  It  will  be  noted  that,  with  very  few  exceptions,  the  crops  from  the 
lime-treated  plots — ^both  sections — show  a  higher  percentage  of  nitrogen  than 
the  crops  from  the  check  plots.  This  is  in  accord  with  the  results  secured  in 
rotation  1. 

ROTATION  3 — CORN,  POTATOES  AND  MARKET  GARDEN  CROPS 

Phis  35^1—1913  to  1917 

The  com  in  this  rotation  was  preceded  by  the  timothy  and  clover  sod  and 
received  the  same  treatment  as  that  in  rotations  1  and  2,  and  the  potatoes 
the  same  treatment  as  those  in  rotation  2.  Following  the  potatoes,  the  plots 
were  disked,  fertilizers  applied  and  rye  seeded  at  the  rate  of  6  pecks  per  acre. 
The  fertilizer  treatment  was  the  same  as  that  given  to  plots  28  to  34  at  this 
time. 

On  April  15, 1915,  the  rye  on  these  plots  was  about  8  to  10  inches  high.  On 
May  3,  the  plots  were  disked  preparatory  to  plowing  under  the  rye  as  a  green 
manure.  The  plots  were  plowed  on  June  2  and  fertilizers  applied  for  the 
tomatoes  on  the  acre  basis  as  follows: 

Ihs, 

Add  phosphate 600 

Muriate  of  potash 300 

Nitrate  of  soda 200 

Dried  blood 160 

Chalk's  Early  Jewel  tbmatoes  were  set  out  and  later  in  the  season  received 
the  usual  cultivation  and  other  attention.  Picking  began  about  the  middle 
of  August  and  continued  until  the  middle  of  September,  five  pickings  being 
made. 

Unfortimately,  samples  were  not  saved  from  each  plot  but  a  composite 
sample  was  made.  Thus  it  is  necessary  in  calculating  the  nitrogen  removed 
by  the  tomatoes  to  base  the  calculations  on  the  analysis  of  this  composite 
sample. 

Following  the  tomatoes,  the  land  was  disked  and  seeded  to  a  mixture  of 
rye,  vetch  and  crimson  clover.  The  amount  of  rye  in  the  mixture  was  small 
and  consequently  a  thin  stand  was  secured.    Notes  made  on  April  1,  1916, 
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TABLE  6 
Rotation  2 — Yidd  of  nitrogen,  in  pounds  per  acre,  removed  by  crops  for  the  years  1913-1917 


LDfXSTOMK 

AFFUXOTKR 

ACU 

1913 

1914 

1915 

1916 

1917 

TOTAL 

Nino- 
om 

YBAKLT 

FLOT 

Cora 

Potatoes 

Rye 

Timo- 
tlnr  and 

clover 

Timo- 
thvand 

OVSK 

Grain 

Stover 

Grain 

Straw 

CHBCK 

28 

lbs. 
Check 

Ihs. 
14.29 

lbs. 
19.00 

lbs. 
22.47 

lbs. 
19.96 

lbs. 
8.23 

lbs. 
38.96 

lbs. 
14.93 

lbs. 
27.30 

lbs. 
165.14 

ibs. 

Caldum-limestone  section 

29 
30 
31 

1000 
2000 
4000 

28.29 
32.98 
35.37 

22.31 
28.17 
35.06 

23.84 
20.90 
20.34 

19.53 
21.21 
20.15 

7.20 
8.29 
8.60 

38.62 
56.25 
62.24 

23.03 
26.45 
39.63 

29.44 
39.03 
36.00 

192.26 
233.28 
257.39 

5.42 
13.63 
18.45 

Average 

32.21 

28.51 

21.69 

20.30 

8.03 

52.37 

29.70 

34.82 

227.64 

12.50 

Magnesian-limestone  section 


32 
33 
34 


1000 
2000 
4000 


Average  . 


31.36 
31.92 
34.06 


32.45 


25.16 
30.20 
26.79 


27.38 


21.72 
21.14 
19.26 


20.71 


21.40 
21.98 
19.87 


21.08 


7.98 
8.60 
8.60 


8.39 


52.67 
46.18 
55.15 


51.33 


26.49 
44.62 
41.48 


37.53 


34.41 
37.52 
34.65 


35.53 


221.19 
242.16 
239.86 


234.40 


11.21 
15.40 
14.94 


13.85 


TABLET 
Rotation  2-— Per  cent  of  nitrogen  in  dry  matter  of  crops  for  the  S-yeair  period,  1913-1917 


1913 

1914 

1915 

1916 

1917 

ruyx 

AFPUED 
RSACaX 

Corn 

Potatoes 

Rye 

Ttoiothy 
and  clover 

Red 

clover 

TImotliy 
and 

Grain 

Stover 

Grain 

Straw 

clover 

28 

Ibs. 
Check 

perunt 
1.361 

percent 
0.751 

percent 
1.783 

percent 
1.426 

percent 
0.307 

percent 
0.994 

percent 
2.262 

percent 

0.780 

Calcium-limestone  section 


29 
30 

31 

1000 
2000 
4000 

1.529 
1.736 
1.746 

0.830 
1.097 
1.235 

1.703 
1.560 
1.614 

1.436 
1.515 
1.574 

0.277 
0.307 
0.336 

0.894 
M67 
1.377 

2.399 
2.280 
2.508 

0.800 
0.879 
0.800 

Average 

1.670 

1.054 

1.626 

1.508 

0.307 

1.146 

2.396 

0.826 

Magnesian-limestone  section 

32 
33 
34 

1000 
2000 
4000 

1.568 
1.557 
1.548 

0.889 
1.067 
0.998 

1.872 
1.854 
2.006 

1.486 
1.446 
1.505 

0.307 
0.307 
0.336 

1.140 
1.040 
1.313 

2.453 
2.535 
2.499 

0.869 
0.977 
0.968 

Average .... 

1.558 

0.985 

1.911 

1.479 

0.317 

1.164 

2.496 

0.938 
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State  that  the  cover  crop  on  these  plots  was  fair.    Later  notes  show  that  the 
vetch  and  crimson  clover  were  poor  on  plot  35  and  very  good  on  plot  41. 

On  May  8  this  cover  crop  was  plowed  under  and  on  the  nineteenth  fertil- 
izers were  applied  on  the  acre  basis  as  follows: 

lbs. 

Add  phosphate 600 

Muriate  of  potash 300 

Nitrate  of  soda 100 

About  one  week  later,  Burpee's  bush  lima  beans  were  planted.  Notes  made 
July  1  show  that  the  beans  were  somewhat  irregular  in  growth.  On  August 
1  they  were  in  bloom.  On  the  tenth  of  August  the  cover  crop  consisting 
of  rye,  vetch  and  crimson  clover  was  seeded  in  the  beans.  Between 
September  11  and  October  20,  four  pickings  of  beans  were  made.  Notes 
made  April  12,  1917,  show  that  there  -was  a  good  cover  crop  on  these  plots. 
On  May  15  the  cover  crop  was  plowed  under  and  fertilizers  applied  on  the 
acre  basis  as  follows: 

lbs. 

Add  phosphate 400 

Muriate  of  potash 100 

Nitrate  of  soda 160 

Tankage 200 

On  the  twenty-fifth  of  May  the  plots  were  planted  to  White  Spine  cucum- 
bers. These  received  the  usual  cultivation  and  other  attention  during  the 
sunmier.  A  number  of  pickings  were  made  between  July  27  and  August  31. 
Samples  were  taken  from  each  plot  for  nitrogen  determinations. 

After  the  cucumbers  were  off  the  plots  were  disked  and  seeded  to  rye  and 
vetch. 

The  yields  of  total  dry  matter  (or  marketable  Vegetables),  the  total  nitro- 
gen and  percentage  of  nitrogen  in  the  dry  matter  (or  marketable  vegetables) 
are  shown  in  tables  8,  9  and  10. 

From  the  figures  given  in  table  8  it  will  be  noted  that  the  limestone-treated 
plots,  in  nearly  all  cases,  show  a  distinct  increase  over  the  check  plots.  This 
is  true  for  both  forms  of  limestone  and  if  we  may  judge  from  the  averages, 
one  form  does  not  have  much  advantage  over  the  other.  The  cucumbers  on 
the  limed  plots  show  notable  increases  over  the  check  plots.  The  yield  of 
potatoes  on  the  calcium-limestone  section  is  greater  than  the  )deld  on  the  mag- 
nesian-limestone  section.  This  is  true  also  of  the  potatoes  grown  in  rotation 
2.  It  is  doubtful,  however,  if  the  differences  are  sufficient  to  have  any  par- 
ticular significance. 

It  should  be  noted  that  the  yields  of  potatoes,  tomatoes  and  cucumbers  are 
the  3delds  at  the  time  of  harvesting  and  not  the  yields  of  dry  matter. 

Table  9  shows  the  total  yield  of  nitrogen  for  the  various  crops.  With  only 
one  exception  (lima  beans  on  plot  41)  the  lime-treated  plots  show  pronounced 
increases  over  the  check  plots. 
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TABLES  t 

Rotation  3 — YiM  of  dry  matter  {or  harvesting  weights),  in  pounds  per  acre,  for  the  years 

1913-1917 


APPUED 
PBRACKE 

1913 

1914 

1915 

1916 

1917 

TOTAL 

PLOT 

Com 

Potatoes 

Ripe 

•  Lima  beans 

Market- 
able  cu- 

Grain 

Stover 

PoUtoes 
tomatoes 

Grain 

Stover 

Seeds 

Pods 

cumbers 

cucum- 
beis 

35 

lbs. 

Check 

lbs. 
1475 

lbs. 
2650 

lbs. 
4800 

Ubs. 
24,080 

lbs. 
480 

lbs. 
260 

lbs. 
8,138 

lbs. 
1955 

lbs. 
2910 

lbs. 
37,018 

Calcium-limestone  section 


36 
37 
38 


1000 
2000 
4000 


Average . 


1675 
1750 
2025 


1817 


2850 
3125 
3325 


3100 


6320 
6300 
5740 


6120 


28,550 
27,860 
25,610 


27,340 


660 
860 
720 


747 


332 
448 
360 


380 


11,618 
13,536 
11,688 


12,281 


2335 
2610 
2745 


2563 


3182 
3573 
3685 


3480 


46,488 
47,696 
43,038 


45,741 


Magnesian-limestone  section 


39 
40 
41 


1000 
2000 
4000 


Average . 


1775 
2100 
2200 


2025 


2975 
3275 
3200 


3150 


5680 
6260 
5100 


5680 


25,454 
27,720 
28,924 


27,366 


540 
660 
360 


520 


300 
288 
200 


263 


13,432 
13,482 
13,496 


13,470 


2315 
2760 
2560 


2545 


3275 
3563 
3400 


3413 


44,566 
47,462 
47.520 


46,516 


Note:  Potatoes,  tomatoes  and  cucumbers  weighed  as  harvested. 


TABLE  9 
Rotation  3— Yield  of  nitrogen,  in  pounds  per  acre,  removed  by  crops  fin^  the  years  1913-1917 


1913 

1914 

1915 

1916 

1914 

TOTAL 
NITROOEM 

run 

APPLIED 
PER  ACES 

Com 

Potatoes 

Ripe 

Lima  beans 

Market- 
able ctt. 
cumbers 

Grain 

Stover 

tomatoes 

Seeds 

Pods 

35 

lbs. 
Check 

lbs. 
22.11 

lbs. 
20.87 

lbs. 
15.42 

lbs. 
40.55 

lbs. 
14.52 

lbs. 
2.17 

lbs. 
9.50 

lbs. 

125.14 

lbs. 


Calcium-limestone  section 


36 
37 


1000 
2000 
4000 


25.61 
27.27 
30.76 


23.50 
26.12 
24.62 


16.20 
19.14 
20.74 


48.08 
46.92 
43.13 


Average....    27.88     24.75     18.69     46.04     22.27       2.60     16.04     158.27     6.6 


19.97 
26.33 
20.51 


2.46 
3.03 
2.30 


14.82 
18.34 
14.96 


150.64 
167.15 
157.02 


5.1 
8.4 
6.4 


Magnesian-limestone  section 


39 
40 
41 


1000 
2000 
4000 


Average  . . . 


24.51 
30.87 
34.06 


29.81 


22.01 
25.41 
27.99 


25.14 


16.41 
19.25 
16.34 


17.33 


42.86 
46.68 
48.71 


46.08 


16.74 
20.76 
11.43 


16.31 


2.56 
2.40 
2.88 


2.61 


16.94 
16.94 
15.86 


16.58 


142.03 
162.31 
157.27 


153.87 


3.4 
7.4 
6.4 


5.7 
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The  averages  for  the  two  sections  run  very  close  together,  though  the  aver- 
age of  the  potatoes  for  the  calcium-limestone  section  has  a  slight  advantage 
over  the  corresponding  average  for  the  magnesian-limestone  section. 

Attention  should  be  called  to  the  fact  that  the  total  amoimt  of  nitrogen  re- 
covered in  the  crop  is  less,  by  more  than  fifty  pounds,  than  the  total  amoimts 
recovered  from  the  two  preceding  rotations.  This  calls  attention  to  the  fact 
that  market  garden  crops,  although  generally  giving  larger  and  more  profitable 
yields  than  general  farm  crops,  take  from  the  land  less  nitrogen  than  the  latter. 

TABLE  10 
Rotation  3— -Per  cent  of  nitrogen  in  dry  matter  of  crops  for  the  S^year  period,  1913-1917 


LDCZSTONX 
AFPUSD 
PERACSX 

1913 

1914 

1915 

1916 

1917 

PLOT 

Com 

Potatoes* 

Ripe 
tomatoes 

Lima  beam 

Marketable 
cucambexst 

Gnin 

Stover 

Seeds 

Pods 

35 

lbs. 
Check 

fercent 
1.499 

percmt 
0.820 

Ptf  cent 
1.676 

0.1684t 

percent 
3.025 

per  cent 
0.835 

percmU 
0.121 

Caldum-limestone  section 


36 
37 

38 

1000 
2000 
4000 

1.529 
1.558 
1.519 

0.860 
0.879 
0.769 

1.373 
1.569 
1.819 

0.1684 
0.1684 
0.1684 

3.025 
3.062 
2.849 

0.742 
0.677 
0.640 

0.133 
0.141 
0.130 

Average 

1.535 

0.836 

1.587 

0.1684 

2.979 

0.686 

0.135 

Magnesian-limestone  section 

39 
40 
41 

1000 
2000 
4000 

1.381 
1.470 
1.548 

0.771 
0.810 
0.939 

1.578 
1.631 
1.738 

0.1684 
0.1684 
0.1684 

3.100 

3.146 

•  3.174 

0.854 
0.835 
1.438 

0.135 
0.128 
0.124 

Average 

1.466 

0.840 

1.649 

0.1684 

3.140 

1.042 

0.129 

•  Potatoes  dried. 

t  Tomatoes  and  cucumbers  sampled  as  harvested. 

X  Composite  sample. 

The  total  amount  of  nitrogen  applied  to  these  crops  during  the  5  years  was 
about  150  pounds,  or  30  pounds  per  acre,  while  the  average  amount  removed 
on  the  lime-treated  sections  was  about  155  pounds,  or  a  yearly  average  of 
•about  31  poimds  per  acre. 

Table  10  shows  the  percentage  of  nitrogen  in  the  different  crops.  The  in- 
crease in  percentage  due  to  the  lime  treatment  is  not  so  consistent  as  in  rota- 
tions 1  and  2,  but  there  are  as  many  plots  for  which  the  percentage  of  nitrogen 
is  above  that  of  the  check  as  there  are  plots  with  the  percentage  below  the 
check.  The  nitrogen  determinations  were  made  on  the  potatoes  after  they 
had  been  thoroughly  dried  but,  as  already  explained,  they  were  made  on  the 
tomatoes  and  cucumbers  as  harvested. 
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ROTATION  4 — ^FORAGE  CROPS 

Plots  42-^—1913  to  1917 

The  com  which  was  planted  on  these  plots  in  1913  had  been  preceded  in 
1912  by  oats  and  peas  followed  by  cowpeas,  both  of  which  crops  were  taken 
oflF.  As  no  winter  cover  crop  was  seeded,  the  .plots  remained  bare  dining  the 
winter  of  1912  and  1913.  This  com  received  the  same  attention  and  treat- 
ment as  the  com  in  the  other  rotations.  On  August  6  a  cover  crop  of  rye, 
vetch  and  crimson  clover  was  seeded  in  the  com.  On  April  21,  1914,  tins 
cover  crop  was  plowed  under,  and  notes  made  at  that  time  state  that  there 
was  a  fair  crop  of  vetch  and  crimson  clover  on  all  plots  except  plot  42  which 
had  none.  On  April  23,  fertilizers  were  applied  to  the  oats  and  peas  at  the 
following  rate: 

Ibs.ptracrt 

Acid  phosphate 300 

IMuriate  of  potash 100 

Fish 200 

On  April  24  oats  and  peas  were  seeded  at  the  rate  of  3  bushels  per  acre.  On 
July  6  these  were  cut  as  a  forage  crop  and  the  land  inunediately  prepared  for 
seeding  to  barnyard  millet.  The  millet  was  seeded  July  8.  Notes  made 
under  date  of  August  4  state  that  there  was  a  thin  stand  and  that  weeds  were 
coming  in  to  the  detriment  of  the  millet.  The  millet  was  cut  August  28,  the 
weights  recorded  and  samples  prepared  for  analysis.  On  August  31,  the  plots 
were  plowed  and  prepared  for  winter  vetch.  Fertilizers  were  applied  at  the 
following  rate  per  acre: 

lbs. 

Add  phosphate .' 300 

Muriate  of  potash 100 

Notes  made  April  15,  1915,  state  that  there  was  a  very  poor  stand  of 
vetch  on  plot  42.  The  vetch  was  good  on  the  other  plots.  The  poor  stand 
on  plot  42  was  no  doubt  the  result  of  winter-killing  due  to  adverse  soil  condi- 
tions. On  June  1,  it  was  estimated  that  there  was  only  one-fourth  erf  a  stand 
on  this  plot.  On  the  other  plots,  the  vetch  was  20  to  26  inches^high.  The 
vetch  was  cut  June  9  and  the  ground  plowed  and  seeded  to  Dwarf  Essex  rape. 
Fertilizers  were  applied  on  the  acre  basis  as  follows: 

lbs. 

Acid  phosphate 300 

Muriate  of  potash 100 

Nitrate  of  soda 200 

The  rape  was  harvested  September  15  but  was  not  an  entirely  satisfactory 
crop  on  account  of  a  rather  heavy  growth  of  crab-grass.  The  land  was  again 
plowed  and  seeded  to  rye,  fertilizers  being  applied  on  the  acre  basis  as  follows: 
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lbs. 

Add  phosphate 400 

Muriate  of  potash 100 

Nitrate  of  soda 50 

On  November  1  a  good  stand  of  rye  was  noted  on  all  the  plots. 

On  April  13,  1916,  a  topnlressing  of  nitrate  of  soda  was  made  at  the  rate 
of  150  pounds  per  acre.  The  rye  made  a  good  growth  and  on  Jime  1  was  cut 
as  a  forage  crop.  The  land  was  plowed,  fertilized  and  seeded  to  Whippoor- 
will  cowpeas.  The  fertilizer  treatment  consisted  of  add  phosphate  at  the 
rate  of  400  poimds  and  muriate  of  potash  at  the  rate  of  200poimdsper  acre. 
Notes  made  August  1  state  that  there  was  a  thin  stand  of  the  cowpeas  and  that 
there  was  much  crab-grass  among  them.  On  September  19  the  cowpeas  were 
cut  for  hay.  The  record  shows  that  the  crop  was  about  50  per  cent  crab- 
grass.  On  September  28  the  plots  were  disked  and  seeded  to  rye  at  the  rate 
of  4  pounds  per  plot.  A  good  stand  was  secured.  On  April  17, 1917,  the  rye 
was  plowed  under  and  fertilizers  applied  at  the  following  rate  per  acre: 

lbs. 

Acid  phosphate 500 

Muriate  of  potash 100 

Dried  fish 200 

Oats  and  peas  were  seeded  at  the  rate  of  3  bushels  per  acre.  On  July  1 
the  oats  and  peas  were  about  8  to  10  inches  high  but  the  check  plot  was  noted 
as  being  the  poorest.  They  were  cut  as  hay  July  12  and  the  groimd  disked 
and  seeded  to  Whippoorwill  cowpeas  at  the  rate  of  6  pounds  per  plot.  Notes 
of  August  1  state  that  there  was  a  good  stand.  The  check  plot,  however,  was 
the  poorest.  On  October  2  they  were  harvested  as  hay.  The  plots  were  pre- 
pared with  a  spring-tooth  harrow  on  October  12  and  rye' was  seeded  at  the 
rate  of  4  pounds  per  plot.  The  )delds  for  these  plots  during  the  5-year  period, 
together  with  the  total  )deld  of  nitrogen  and  percentage  of  nitrogen  in  the  crop 
are  shown  in  tables  11, 12  and  13. 

The  yield  of  dry  matter  for  the  5-year  period  is  shown  in  table  11.  Again, 
with  slight  exception,  the  lime-treated  plots  show  a  distinct  increase  over  the 
check  plots.  In  the  caldum-limestone  section,  the  oats  and  peas  grown  in 
1914  show  an  average  increase  of  760  pounds  per  acre  and  the  vetch  grown 
the  next  year  shows  a  much  larger  average  increase.  It  may  be  explained 
here  that  the  vetch  on  the  check  plot  was  almost  an  entire  failure. 

In  most  cases  the  averages  for  the  magnesian-limestone  section  run  quite 
dose  to  those  for  the  caldum-limestone  section.  However,  for  the  millet  the 
yield  on  the  former  is  less  than  on  the  latter.  For  the  vetch  of  1915  the  yield 
is  almost  twice  as  much  from  the  magnesian-limestone  section  as  from  the  cal- 
dum-limestone section.  The  average  yearly  increase  in  grain  for  the  caldum- 
limestone  section  amounts  to  533  pounds  and  for  the  magnesian-limestone 
section  to  258  pounds.  The  corresponding  figures  for  the  com  stalks  and  hay 
are  1021  and  1073  pounds.  This  is  equivalent  to  4f  to  9}  bushels  of  gram 
and  i  ton  of  stalks  and  hay  per  acre,  which  represents  the  annual  gain  over 
the  no-lime  plot. 
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The  yield  of  nitrogen  for  this  rotation  is  shown  in  table  12.  In  nearly  all 
cases  the  lime  treatment  has  resulted  in  a  substantial  increase  in  yield  of 
nitrogen  over  the  check  plot  The  most  pronounced  exception  is  the  millet 
in  the  magnesian-limestone  section  in  1914.  It  should  be  recalled  that  this 
crop  came  near  being  choked  out  by  crab-grass,  and  this  accounts  in  part  for 
the  low  yields.  Attention  may  be  called  to  the  high  yield  of  nitrogen  from 
the  vetch  crop  of  1915.  For  the  calcium-limestone  section,  there  is  an  aver- 
age of  48  pounds  per  acre,  and  for  the  magnesian-limestone  section  an  average 
of  nearly  79  pounds  per  acre. 


TABLE  11 

Rotation  4^Yidd  of  dry  matter,  in  pounds  per  acre,  for  the  5-year  period  191S-1917 

1913 

1914 

1915 

1916 

1917 

TOTAL 

YKASLT 

IMGUA8B 
OVB& 

LnmroMB 

APPUXD 
PBS  ACU 

VLCfX 

Corn 

1 
1 

1 

^ 

1 

lbs. 

1 

lbs. 

lbs. 

lbs. 

1 
1 

1 

lbs. 

lbs. 

lbs. 

i 

lbs. 

1 

lbs. 

1 

CO 

1 

lbs. 

lbs. 

lbs. 

lbs. 

Iks. 

Ihs. 

42 

Check 

1350 

2675 

1520 

400 

220 

1700 

2240 

1940 

2120 

11601350 

13,975 

Calcium-limestone  section 


43 
44 
45 


1000 
2000 
4000 


Average . 


1775 
1825 
2050 


1883 


2825 
3000 
3275 


3033 


2200 
2200 
2440 


480 
620 


2280  540 


840 
1400 


1840 
2120 


5202160 


1467 


2027 


2660 


27802540 


2853 


2240 


21203120288026802040 


2553 


2600 
2820 


1240 


1600  1825 


270to  1627 


1775 


2050 


1883 


16,925 
19,080 
21,235 


19,080 


425 
475 
700 


533 


590 
1021 
1452 

1021 


Magnesian-limestone  section 


46  1000 

47  2000 

48  4000 


Average. 


1550 
1625 
1650 


1608 


2425 
2900 
2550 


2625 


2120 
2080 
1920 


2040 


140 
280 
300 


240 


2180 
2920 
2960 


2687 


1660 
2040 
2460 


2053 


2880 
2960 
2400 


2360 
2780 


2747 


2507 


30401440 


2940 


23802660 


1480 
1760 


28801560 


1550 
1625 
1650 


1608 


18,245 
20,380 
19,390 


19,338 


200 
275 
300 


258 


854 
1281 
1083 


1073 


The  highest  )deld — ^nearly  90  pounds — ^was  on  the  magnesian-limestone  plot 
which  received  4000  pounds  per  acre.  Next  to  the  vetch,  the  oats  and  peas 
and  the  cowpeas  gave  the  largest  )delds  of  nitrogen.  In  1917,  the  total  nitro- 
gen secured  for  these  two  crops  on  the  magnesian-limestone  section  amounts 
to  more  than  100  pounds  for  each  limestone  treatment. 

The  total  nitrogen  for  the  5  years  averages  373|  pounds  for  the  calcium-Ume- 
stone  section  and  381J  poimds  for  the  magnesian-limestone  section,  or  more 
than  75  pounds  per  year.  There  was  applied  to  these  plots  a  total  of  about 
108  pounds  of  nitrogen  per  acre  for  the  S  years,  or  nearly  22  potmds  per  year. 
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TABLE  12 
RaUUum  4— Pounds  of  niUrogen  per  acre  removed  by  crops  for  the  S^ear  period  1913-1917 


42 


tbs. 
Check 


1913 


Cora 


ttn. 
18.37 


lbs, 
18.58 


1914 


Oats 
and 


lbs, 
25.20 


MiUet 


lbs, 
4.74 


1915 


Vetch 


lbs. 
7.08 


Rape 


16.68 


1916 


Rye 


lbs. 
23.50 


Cow- 
peas 


lbs. 
28.52 


1917 


Oats 
and 
peas 


lbs. 
27.41 


Cow- 
peas 


lbs. 
32.31 


lbs. 
202.39 


SO 

si 


lbs 


Caldum-limestone  section 


43 
44 
45 


1000 
2000 
4000 


Average.... 


25.03 
26.65 
28.52 


26.73 


20.29 
25.46 
26.91 


24.22 


41.18 
41.58 
46.80 


43.18 


6.33 

8. 

7.28 


7949 


7.47 


28.67 
62 
65.82 


48.04 


18.42 
22.09 
24.38 


21.63 


29.47 

28. 

36.07 


3641 


28.34 
12 
59.73 


31.3043.06 


42.61 
49.0(L 
56.09 


49.24 


34.77 
46.72 
64.87 


48.79 


275.11 
339.40 
416.47 


373.69 


14.5 
27.4 
42.8 

28.23 


Magnesian-limestone  section 


46 
47 
48 


1000 
2000 
4000 


Average.... 


21.56 
22.44 
24.26 


22.75 


18.19 
20.58 
20.52 


37.91 
35.65 
38.78 


19.7637.45 


2.22 
3.79 
4.07 


3.36 


60.08 
86.52 
89.63 


19.24 
23.26 
27.08 


78.7423.19 


30.79 
30.49 
23.09 


28.12 


54.89 
65.44 
54.91 


58.41 


57.64 
54.57 
64.08 


58.76 


47.19 
50.35 
55.30 


50.95 


349.71 
393.09 
401.72 


381.51 


29.5 
38.1 
39.9 

35.83 


TABLE  13 
Rotalion  4— Per  cent  of  nitrogen  in  dry  matter  of  crops  for  the  years  1913-1917 


UIOESTONB 
AFniED 
FBK  ACRX 

1913 

19U 

1915 

1916 

1917 

Tun 

Com 

Oats 
and 
peas 

Millet 

Vetdi 

Rape 

Rye 

Cow- 
peas 

OaU 
and 
peas 

Cow- 

Grain 

Stover 

peas 

42 

lbs. 
Check 

frtcta 
1.361 

PtrcmU 
0.721 

ptrcmU 
1.658 

ftrc€ia 
1.186 

3.216 

#srcMl 
0.981 

pwemU 
1.049 

1.470 

1.293 

fruiU 
2.785 

Calcium-limestone  section 

43 
44 

45 

1000 
2000 
4000 

1.410 
1.460 
1.391 

0.751 
0.899 
0.860 

1.872 
1.890 
1.918 

1.319 
1.417 
1.400 

3.413 
3.544 
3.047 

1.001 
1.042 
1.150 

1.108 
1.020 
1.156 

1.265 
1.619 
2.074 

1.639 
1.738 
2.093 

2.804 
2.920 
3.180 

Average 

1.420 

0.837 

1.893 

1.379 

3.335 

1.064 

1.095 

1.653 

1.823 

2.968 

Magnesian-limestone  section 


46 

47 
48 

1000 
2000 
4000 

1.391 
1.381 
1.470 

0.790 
0.731 
0.860 

1.788 
1.714 
2.020 

1.587 
1.355 
1.355 

2.756 
2.963 
3.028 

1.159 
1.140 
1.101 

1.069 
1.030 
0.962 

2.326 
2.354 
2.307 

1.896 
1.856 
2.409 

3.277 
3.402 
3.142 

Average 

1.414 

0.794 

1.841 

1.432 

2.916 

1.133 

1.020 

2.329 

2.054 

3.274 
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Thus  there  was  removed  m  the  crop  more  than  three  times  as  much  as  was 
applied  in  the  fertilizers.  The  average  annual  increase  over  the  check  plot 
for  the  calcium-limestone  section  is  28  pounds  per  acre  and  for  the  magnesian- 
limestone  section  35  pounds  per  acre.  These  increases  are  equal  to,  and  in 
some  cases  exceed,  the  total  3delds  in  some  of  the  wheat  and  rye  crops  reported 
in  rotation  1. 

The  percentage  of  nitrogen  in  the  dry  matter  is  shown  in  table  13.  In  the 
majority  of  cases  there  is  a  higher  percentage  in  samples  from  the  lime-treated 
plots  than  in  those  from  the  check  plots.  This  is  well  brought  out  by  compar- 
ing the  percentage  as  shown  for  the  check  plots  with  the  corresponding  aver- 
ages for  the  two  lime-treated  sections.  With  only  two  exceptions  the  latter 
show  a  higher  percentage  of  nitrogen  in  the  dry  matter  than  does  the  check 
plot.  The  high  percentage  of  nitrogen  in  the  vetch  of  1915  and  the  cowpeas 
grown  in  1917  is  noteworthy,  the  highest  analysis  with  vetch  being  3.54  per 
cent  and  the  highest  with  cowpeas  3.40  per  cent.  The  oats  and  peas  show  an 
average  dose  to  2  per  cent,  while  the  non-legume  crops  such  as  com,  rape 
and  rye  show  an  average  of  a  little  over  1  per  cent  for  the  rye  and  rape  and  1.4 
per  cent  for  the  com  and  millet. 

These  figures  present  a  strong  argument  for  growing  leguminous  crops  wher- 
ever they  can  be  brought  into  the  rotation  to  good  advantage. 

THE  INrLUENCE  OF  THE  LIME  TREATMENT  ON  THE  NITROGEN  CONTENT  AND 
LIME  REQUIREMENT  OF  THE  SOIL 

Lime  requirement 

In  connection  with  the  foregoing  discussion,  the  figures  presented  in  table 
14  are  of  interest.  At  the  end  of  each  5-year  period,  nitrogen  and  lime-re- 
quirement determinations  were  made  on  samples  of  soil  from  the  rotation 
plots.  For  these  determinations  composite  samples  were  taken  by  making  a 
number  of  borings  to  a  depth  of  6f  inches.  The  samples  were  thoroughly 
mixed  and  after  being  dried  were  passed  through  a  2-nmi.  sieve  to  remove 
coarse  material. 

In  most  cases  the  soils  show  a  gradual  decrease  in  lime  requirement  as  the 
amount  of  limestone  was  increased.  At  the  end  of  the  first  5-year  period,  the 
average  lime  requirement  for  the  check  plots  was  close  to  1200  pounds  per  acre, 
while  for  the  plots  that  received  the  2  tons  of  limestone  per  acre  it  was  less 
than  500  pounds.  In  1917,  at  the  end  of  the  second  5-year  period,  the  average 
for  the  check  plots  was  about  1300  pounds  per  acre,  whereas  those  plots  that 
received  2  tons  of  limestone  per  acre  were  either  alkaline  or  had  a  low  lime 
requirement.  From  this  it  would  appear  that  the  2-ton  application  was  quite 
sufficient  for  a  period  of  5  years;  indeed,  where  only  1  ton  was  used  the  soil 
had  a  low  lime  requirement  at  the  end  of  the  5  years. 

There  does  not  appear  to  be  very  much  difference  in  neutralizing  power 
between  the  calcium  limestone  and  the  magnesian  limestone. 
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TABLE  U 

Lime  requirement  and  percentage  of  nitrogen  of  soils  from  plots  that  have  received  dijffereni 

quantities  of  lime,  1908-1917 


run 

LDCESTONX  TRXATMSMT 

LIMB  (CaO) 
RBQUISEICEMT  PER 

2,000,000 

POUNDS  or  SOIL 

MXIKOGXH 

1912* 

1917t 

1912 

1917 

Rotation  1 — General  farm  crops 


21 
22 
23 
24 
25 
26 
27 


Nothing 

0.5  ton  CaCOk  per  acre 

1.0  ton  CaCOk  per  acre 

2.0  ton  CaCOi  per  acre 

0.5  ton  CaCXVMgCOk  per  acre. . 
1.0  ton  CaCOkMgCOi  per  acre,. 
2.0  ton  CaCOkMgCOk  per  acre. . 


Ibt. 

lbs. 

pereetU 

1200 

1200 

0.077 

1000 

600 

0.075 

(iOO 

400 

0.075 

000 

alk. 

0.081 

600 

400 

0.091 

700 

400 

0.093 

000 

alk. 

0.092 

0.0794 
0.0798 
0.0791 
0.0901 
0.0959 
0.1015 
0.1010 


Rotation  2 — General  farm  crops  and  potatoes 


28 
29 
30 
31 
32 
33 
34 


Nothing 

0.5  ton  CaCOk  per  acre 

1.0  ton  CaCOk  per  acre 

2.0  ton  CaCOi  per  acre 

0.5  ton  CaCQiMgCOk  per  acre. 
1.0  ton  CaCOiMgCOk  per  acre. 
2.0  ton  CaCOkMgCOk  per  acre. 


800 

1400 

0.094 

800 

1000 

0.097 

600 

400 

0.094 

100 

alk. 

0.098 

700 

400 

0.093 

400 

alk. 

0.091 

300 

200 

0.089 

0.0994 
0.1019 
0.0931 
0.1041 
0.1025 
0.0954 
0.0966 


Rotation  3 — Com,  potatoes,  market  gkrden  crops 


35 
36 
37 
38 
39 
40 
41 


Nothing 

0.5  ton  CaCOk  per  acre 

1.0  ton  CaCOi  per  acre 

2.0  ton  CaCOk  per  acre. , 

0.5  ton  CaCXVMgCOk  per  acre. 
1.0  ton  CaCOkMgCOk  per  acre. 
2.0  ton  CaCOkMgCOi  per  acre. 


1100 

1200 

0.093 

800 

1000 

0.094 

600 

800 

0.081 

400 

alk. 

0.075 

1100 

1000 

0.077 

700 

400 

0.080 

500 

400 

0.082 

0.0921 
0.0912 
0.0837 
0.0808 
0.0800 
0.0837 
0.0800 


Rotation  4 — ^Forage  crops 


42 
43 
44 
45 
46 
47 
48 


Nothing 

0.5  ton  CaCOk  per  acre 

1.0  ton  CaCOk  per  acre 

2.0  ton  CaCOk  per  acre 

0.5  ton  CaCOkMgCOk  per  acre. 
1.0  ton  CaCQiMgCOk  per  acre. 
2.0  ton  CaCOkMgCOi  per  acre. 


1200 

1400 

0.084 

1100 

1200 

0.095 

700 

800 

0.099 

600 

400 

0.089 

1100 

1200 

0.079 

500 

400 

0.067 

300 

alk. 

0.098 

0.0899 
0.0998 
0.1012 
0.0864 
0.0773 
0.0679 
0.0652 


*  Limestone  applied  in  1908. 
t  Limestone  applied  in  1913. 
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Percentage  of  nitrogen  in  soils 

Nitrogen  was  determined  by  the  Kjeldahl  method  and  in  most  cases  the 
results  reported  are  an  average  of  four  or  more  carefully  made  determinations. 

It  will  be  recalled  that  in  Part  I  of  this  paper,  it  was  pointed  out  that 
with  the  S-year  rotation  of  non-legumes  the  h'med  section  was  poorer  in  nitro- 
gen than  the  imlimed  section  at  the  end  of  both  the  first  and  the  second  5- 
year  periods.  Furthermore,  it  was  shown  that  the  crops  on  the  limed  section 
were  only  slightly  larger  than  those  on  the  imlimed  section.  In  other  words, 
the  lime  actually  resulted  in  a  considerable  dissipation  or  loss  of  nitrogen  over 
and  above  any  loss  shown  by  the  imlimed  plots. 

From  the  figures  shown  in  table  14,  it  is  evident  that  the  lime  treatment 
has  not  generally  resulted  in  a  depletion  of  the  soil  nitrogen  as  compared  with 
the  check,  or  no-Ume  plot.  This  may  be  more  clearly  shown  by  comparing 
the  percentage  of  nitrogen  in  samples  of  soil  from  the  check  plot  for  each 
rotation,  with  the  average  percentage  of  nitrogen  in  samples  from  the  six 
lime-treated  plots  for  that  rotation. 

The  figures  are  as  follows: 


1912 


1917 


-.  ,  ^     ,  /Check  (no.  21) 

Rotation  1  <  .  />/>  *    o»t 

^Average,  no.  22  to  27 

«  ,  ,.      ^ /Check  (no.  28) 

Rotation  2  <  .  /w>  *    «j 

(^Average,  no.  29  to  34 

i>  *  *•      -2  /Check  (no.  35) 

Rotation  3  <-  '  ^    .. 

(^Average,  no.  36  to  41. 

u  *  *•     A  /Check 

Rotation  4  <  .  ^t  ^    ^o 

l^  Average,  no.  43  to  48. 


ptrcnu 

Mrctmt 

0.077 

0.079 

0.084 

0.091 

0.094 

0.099 

0.094 

0.099 

0.093 

0.092 

0.082 

0.083 

0.084 

0.090 

0.088 

0.083 

It  will  be  noted  that  for  rotation  1  the  lime-treated  plots,  on  an  average, 
show  a  higher  nitrogen  content  than  the  check  plots;  for  rotation  2  the  aver- 
age percentage  for  the  Umed  plots  is  the  same  as  for  the  check  plot.  For 
rotation  3,  the  average  for  the  lime^treated  plot  is  about  0.01  per  cent  less 
than  the  percentage  for  the  check  plot.  For  rotation  4  the  di£Ference  is 
slightly  in  favor  of  the  lime-treated  plots  in  1912  and  the  check  plot  in  1917. 
It  will  be  noted  that  the  figures  for  1917  run  very  close  to  those  for  1912  in 
both  cases. 

The  Ume-treated  plots  show  the  greatest  gain  during  the  5  years  in  rotation 
1,  and  the  most  loss  in  rotation  4. 

Certainly  in  this  case  it  can  not  be  said  that  the  Ume  treatment  has  been  a 
failure.  It  has,  with  only  few.  exceptions,  resulted  in  increased  )delds,  which 
in  several  instances  have  been  large,  and  in  addition  the  nitrogen  content  of 


Digitized  by 


Google 


LIME  FACTOR  IN  PERMANENT  SOa  IMPROVEMENT  113 

the  SOU  has  been  fairly  well  mamtained.  In  the  meantime  fair  crops  have 
been  taken  from  the  land.  The  oats  crops,  it  must  be  admitted,  have  been 
small,  partly  because  of  loss  from  shattering  in  the  field.  The  potato  crops 
were  not  fully  successful,  because  the  land  is  not  well  adapted  to  potatoes. 
With  these  exceptions,  and  taking  the  crops  for  the  10-year  period,  the  3delds 
have  probably  been  above  the  average  for  the  locality. 

It  should  be  pointed  out  that  these  results  have  been  secured  without  the 
use  of  farm  manure  and  with  only  a  very  moderate  amoimt  of  conunerdal 
nitrogenous  fertilizer.  Minerals  have  been  applied  in  generous  amounts  in 
order  that  a  deficiency  of  these  might  not  become  a  limiting  factor. 

From  the  data  presented,  it  i&  evident  that  the  limestone  which  was  applied 
has  been  an  important  factor  in  increasing  the  3delds  on  the  rotation  plots 
described  here,  but  it  should  be  remembered  that  this  effect  has  been  more 
indirect  than  direct.  Its  presence  in  the  soil  has  favored  those  organisms 
which  associate  themselves  with  the  leguminous  plants  and  has  thus  enabled 
those  plants  to  get  from  the  air  a  larger  supply  of  nitrogen  than  was  obtained 
by  plants  grown  where  the  conditions  are  imfavorable  for  the  nitrogen-fixing 
organisms. 

SXTMMARY 

Four  5-year  rotations  were  carried  out  on  a  loam  soil.  In  each  rotation 
there  were  seven  plots;  one  unlimed  and  one  each  that  received  1000,  2000 
and  4000  pounds  per  acre  of  calcium  limestone,  and  one  each  that  received 
Uke  amounts  of  magnesian  limestone. 

In  each  rotation  legume  crops  were  introduced  either  as  one  of  the  main 
crops  or  as  a  green-manure  crop  between  the  main  crops. 

Two  S-year  periods  for  each  rotation  have  been  completed. 

Add  phosphate  and  muriate  of  potash  were  used  in  liberal  amounts.  light 
applications  of  commercial  nitrogenous  fertilizers  were  made.  No  farm  manure 
was  used. 

During  the  10  years  the  limed  plots,  with  only  slight  exception,  have  yielded 
distinctly  larger  crops  and  more  total  nitrogen  than  the  unlimed  plots. 

In  most  cases,  the  3delds  were  larger  with  the  2000  and  4000-pound  appli- 
cations than  with  the  1000-pound  application.  The  two  forms  of  limestone 
gave  results  which  are  quite  similar.  There  appears  to  be  a  slight  difference 
in  favor  of  the  magnesian  limestone. 

In  the  majority  of  cases,  the  percentage  of  nitrogen  was  higher  in  crops  from 
the  limed  than  from  the  imlimed  plots. 

The  use  of  lime  thus  resulted  in  a  gain  in  both  quantity  of  the  crop  produced 
and  also  in  the  quality. 

Analyses  of  the  soil  show,  in  a  number  of  cases,  a  higher  nitrogen  content 
for  limed  than  for  unlimed  plots;  in  other  cases,  the  two  are  about  on  a  level 
as  to  nitrogen  content  and  in  a  few  cases,  there  has  apparently  been  a  deple- 
tion of  the  nitrogen  in  the  limed  plots. 
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This  work,  taken  in  connection  with  the  work  presented  in  the  preceding 
paper,  would  seem  to  indicate  that  in  using  lime  emphasis  should  be  laid  on 
its  power  to  make  conditions  favorable  for  the  organisms  associated  with 
leguminous  crops  rather  than  on  its  power  simply  to  neutralize  soil  adds.  In 
other  words,  its  value  is  more  indirect  than  direct 
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Although  it  was  appreciated  at  least  as  early  as  1903  (9)  that  colorimetric 
measurements  of  hydrogen-ion  concentration  might  be  based  upon  the  prop- 
erties of  the  indicators  themselves,  without  involving  the  use  of  solutions  of 
known  hydrpgen-ion  concentration — the  so-called  "buffer  mixtures" — ^no 
body  of  data  has  yet  been  secured  which  can  be  relied  upon  to  furnish  a  good, 
if  only  approximate,  system.  At  present  the  various  indicators  are  used  in 
connection  with  bufiFer  mixtures,  though  the  work  of  Bamett  and  Chapman  (2) 
makes  the  use  of  bufiFer  mixtures  unnecessary  for  much  of  the  range  covered  by 
the  indicator  phenolsulfonphthalein.  These  investigators  use  the  indicator 
in  a  procedure  almost  identical  with  that  to  be  reconmiended  in  this  paper, 
alter  having  standardized  their  technique  without  reference  to  dissociation 
curve  or  constant. 

There  are  available  sufficient  data  from  which  tables  might  be  calculated 
for  a  system  for  the  approximate  determination  of  hydrogen-ion  concentra- 
tion by  means  of  certain  of  the  modem  indicators  and  without  the  use  of 
bufiFer  mixtures;  but  evidence  has  not  hitherto  been  published  showing  whether 
such  calculations  would  be  justified.  This  would  depend  upon  whether  or 
not  the  behavior  of  these  indicators  conforms  sufficiently  well  to  the  equation 
one  would  wish  to  apply,  and  whether  the  technical  procedures,  whidi  it  is 
convenient  to  use,  are  free  from  objection. 

The  writer  has  tested  these  points,  determining  the  apparent  dissociation 
constant  and  the  form  of  the  apparent  dissociation  curve  by  simple  methods, 
such  as  are  serviceable  in  routine,  for  enough  of  the  indicators  selected  by 
Clark  and  Lubs  (4, 6)  to  cover  the  range  between  the  hydrogen-ion  exponents 
3.2  and  9.7.  It  was  the  intention  to  carry  out  the  study  to  a  higher  degree 
of  precision,  as  some  of  the  indicators  would  repay  this,  but  recent  conditions 
put  a  stop  to  the  work;  and  the  results,  being  already  of  sufficient  precision 
for  the  ordinary  purposes  of  the  writer,  are  put  forward  for  the  convenience 
of  others.  A  method  is  presented,  the  necessary  data  for  which  are  contained 
in  a  single  table  (table  7).  The  method  should  be  of  especial  use  in  orienting 
experiments,  or  in  occasional  experiments  involving  hydrogen-ion  exponent 
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measurements,  either  where  it  is  mmecessary  to  push  to  the  highest  degree 
of  precision  obtainable,  or  where  the  investigator  may  be  content  to  carry 
out  his  measurements  to  his  limit  of  precision  and  to  record  his  results  in 
such  a  form  that  they  may  be  more  closely  interpreted  when  a  more  precise 
study  of  the  indicators  shall  have  been  completed.^ 

All  results  have  been  expressed  in  terms  of  Sorensen's  hydrogen-ion  exponent, 
instead  of  the  hydrogen-ion  concentration  itself.  The  exponent  is  merely 
the  conmion  logarithm  of  the  reciprocal  of  the  concentration,  when  the  con- 
centration is  given  in  gram-ions  per  liter  in  the  usual  way.  As  a  reaction 
becomes  more  alkaline  (or  less  add)  the  hydrogen-ion  concentration  decreases, 
but  the  exponent  increases,  passing  through  the  value  7.0  (at  about  20-25^) 
at  ph3rsico-chemical  neutrality. 

PRINCIPLE  OF  THE  METHOD 

The  theory  underlying  the  colorimetric  determination  of  the  hydrogen-ion 
exponent  without  buffer  mixtures  is  in  short  the  following.  At  any  given 
hydrogen-ion  exponent  the  condition  of  a  dissolved  indicator  is  fixed,  a  certain 
definite  percentage  being  in  the  add  form  and  the  rest  being  in  the  alkaline 
form.  We  may  assume  that  light  is  absorbed  independently  by  the  two  forms 
of  the  indicator,  and  hence  that  the  absorption,  and  in  consequence  of  this 
the  residual  color  emeiging,  will  be  the  same  whether  the  two  fonns  are 
present  together  in  the  same  solution  or  whether  the  forms  are  separated  for 
convenience  in  two  different  vessels  and  the  light  passes  through  one  vessel 
after  the  other.  Therefore,  if  we  know  what  these  percentages  are  for  a 
given  indicator  in  a  given  buffer  mixture,  we  can  imitate  the  color  shown  in 
the  buffer  mixture  by  dividing  the  indicator  in  the  proper  proportion  between 
two  vessds,  and  putting  part  of  it  into  the  add  form  with  excess  of  add,  and 
the  rest  into  the  alkaline  form  with  excess  of  alkali. 

For  an  indicator  which  acts  like  a  monobasic  add,  the  percentages  in  the 
alkaline  and  in  the  add  form  should  be  related  to  the  hydrogen-ion  exponent 
which  produces  the  percentage  relation  in  accordance  with  the  equation 

.   ^,       ,       ,      (alkaline  form) 
pH-*  +  log    (^dform) 

where  pH  is  the  hydrogen-ion  exponent  of  a  given  solution,  jfc  is  the  apparent 
dissociation  constant  of  the  indicator  expressed  as  a  hydrogen-ion  exponent, 
and  the  ratio  (of  which  the  common  logarithm  is  taken)  is  the  ratio  existing 

^  For  this  puipose  the  room  temperature  and  the  particular  indicator  used  should  be 
stated.  Variations  of  temperature  are  usually  disregarded,  and  buffer  mixtures  calibrated 
at  IS'  or  20^  are  used  at  higher  temperatures  without  any  statement  as  to  what  the  temperature 
is.  In  using  the  method  presented  here  the  errors  involved  in  disregarding  temperatures 
may  not  be  the  same  as  if  buffer  mixtures  are  used. 
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between  the  concentrations  of  the  alkaline  and  the  add  fonns.*  The  ratio  is 
equivalent  to  what  wfll  later  be  called  the  "drop-ratio,"  and  another  form  of 
the  equation  is  therefore 

pH  =  *  +  log  "drop-ratio." 

If  5  drops  of  indicator  solution  are  placed  in  a  test-tube  in  dilute  alkali  and  5 
drops  placed  in  another  test-tube  in  dilute  acid,  and  compared  with  various 
buffer  mixtures  containing  10  drops  of  indicator  solution  until  the  color  seen 
on  looking  through  one  buffer  mixture  is  the  same  as  that  seen  on  looking 
through  the  two  5-drop  tubes,  the  volume  of  all  the  tubes  having  been  made 
the  same,  the  drop-ratio  is  equal  to  1 ;  and  since  the  log  of  1  is  0,  the  hydrogen- 
ion  exponent  of  the  buffer  mixture  is  equal  to  ky  the  apparent  dissociation 
constant  of  the  indicator  expressed  as  an  exponent.  This  is  the  principle 
used  by  Salm  (16)  in  determining  the  affinity  constants  in  some  indicators. 
How  well  the  theoretical  equation  applies  in  the  case  of  any  particular 
indicator  must  be  determined  by  experiment.  It  is  to  be  noted  that  if  the 
indicator  is  a  monadd  base  it  wiQ  act  like  a  monobasic  add,  as  far  as  the 
equation  is  concerned.  Also,  the  indicator,  though  known  to  be  dibasic, 
may  neverthdess  act  within  a  limited  range  of  hydrogen-ion  exponent  as  a 
monobasic  add;  namely,  if  the  two  dissodation  constants  (representing  the 
two  stages  of  dissodation)  are  far  enough  apart  on  the  exponent  scale.  This 
appears  to  be  the  case  with  the  sulfonphthaleins  (6, 12).  In  the  case  of 
phenolphthalein  (which  is  not  a  sulfonphthalein)  the  equation  cannot  apply, 
as  is  well  known  from  the  work  of  Acree  (1)  and  others.  If  the  data  given  by 
Rosenstein  (17)  are  used  to  plot  a  curve  with  pH  and  the  percentage  transfor- 
mation into  alkaline  form  as  the  variables,  the  curve  is  found  to  be  a  straight 
line  as  far  as  the  measurements  extend.  The  percentage  of  transformation 
increases  faster  with  the  increase  of  the  exponent  than  the  theoretical  equation 
given  above  demands. 

'  The  equation  may  easily  be  derived  (by  taking  the  bgarithms  of  both  sides  and  changing 
signs)  from  the  following  one,  which  is  the  general  equation  corresponding  to  a  particular  one 
given  by  Stieglits  (19),  his  equation  7',  page  1122: 


(alkaline  form) 

what  the  parentheses  indicate  ooncentxations.  Stieglits  showed  that  the  equation  m  this 
form  takes  account  of  any  tautomeric  changes  concerned  in  the  change  of  cobr,  and  it  is 
easy  to  see  from  his  discussion  that  the  form  of  the  equation  is  the  same  whether  the  indicator 
is  a  weak  add  or  a  weak  base,  provided  that  it  bdiaves  within  the  range  of  color  change 
under  consideration  as  a  monobasic  add  or  a  monadd  base.  The  constant  k  includes  the 
affinity  constant  of  the  tautomeric  change  as  well  as  the  dissociation  constant  of  the  acid  or 
base,  and  if  the  indicator  is  a  base  it  includes  also  the  dissociation  constant  of  water.  The 
constant  k  has  therefore  been  called  the  apparent  [Noyes  (16)]  or  total  (Acree)  dissociation 
constant 
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lizard  (20)  studied  the  color  change  of  methyl  red,  using  a  colorimeter 
in  yellow  light,  and  thus  measuring  only  the  change  of  intensity  of  the  red 
color.  The  yellow  alkaUne  color  is  not  apparent  under  such  illumination. 
He  found  the  indicator  to  be  dibasic,  and  the  two  dissociation  constants  to  be 
near  enough  together  to  cause  some  interference.  It  does  not  follow,  however, 
that  the  theoretical  equation  given  above  may  not  be  foimd  to  hold,  and, 
conversely,  a  verification  of  the  equation  does  not  prove  the  indicator  to  be 
strictly  ^^ monobasic."  As  a  matter  of  fact,  as  will  be  shown  later,  the  data 
of  Tizard  can  be  used  to  verify  the  equation.  At  higher  acidities  than  those 
included  in  the  useful  range,  the  color  was  found  to  diminish,  and  it  would 
appear  necessary,  in  more  precise  work  than  that  contemplated  by  the  use  of 
the  method  here  presented,  to  regulate  with  care  the  strength  of  the  add 
solution  used  to  develop  the  full  acid  color  of  this  indicator.  No  difficulty 
was  actually  experienced  in  the  present  work,  and  some  experiments,  made 
with  the  use  of  0.05M  buffer  mixtures,  failed  to  discover  a  significant  diminu- 
tion at  the  same  points  found  by  Tizard. 

CALCULATIONS  BASED  ON  THE  THEORETICAL  EQUATION 

By  means  of  the  technique  to  be  described,  the  per  cent  transformation  into 
the  alkaline  form  may  be  determined  in  steps  of  10  per  cent.  Table  1  is  use- 
ful in  appl3dng  the  equation. 

Once  the  equation  is  shown  to  be  valid  for  a  particular  indicator,  a  table 
may  be  made  out  for  the  indicator  similar  to  table  7  (to  be  given  later)  by 
adding  to  each  log  value  the  value  of  the  dissociation  constant  expressed  as 
an  exponent,  paying  attention  to  the  fact  that  the  first  five  log  values  are 
negative  numbers  (and  are  not  therefore  technically  logarithms).  The 
resulting  figures  give  then  the  exponents  corresponding  to  the  various  drop- 
ratios.  The  intervals  of  the  system  are  about  0.2  pH.  If  a  less  precise 
system  is  desired  for  special  purposes  a  5-drop  system  may  be  used  instead 
of  the  10-drop  s)rstem  described  below,  and  the  desired  table  may  be  prepared 
by  simple  omission  of  unnecessary  values.  Such  a  s)rstem  would  provide 
intervals  of  0.4  pH  and  would  require  indicator  solutions  of  double  the  strength 
specified  in  table  7. 

EXPERIMENTS  ON  WHICH  THE  METHOD  IS  BASED 

In  the  study  of  each  indicator  a  comparator  was  used  which  differed  from 
that  shown  in  figure  1  in  having  only  four  holes  for  test-tubes  instead  of  six. 
Uniform  tubes  1.5  cm.  in  external  diameter  and  IS  cm.  long  were  used.  A  pair 
of  tubes  was  prepared  containing  together  10  drops  of  indicator  solution,  the 
10  drops  being  distributed  in  the  two  tubes  in  one  of  the  drop-ratios,  1 : 9, 
2  : 8,  3 : 7,  and  so  on,  the  contents  of  one  tube  of  the  pair  being  made  alkaline 
and  the  contents  of  the  other,  acid.  Each  pair  of  tubes  was  placed  in  turn 
in  one  side  of  the  comparator  and  in  the  other  side  were  placed  a  tube  of  water 
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(in  the  back)  and  a  tube  containing  10  drops  of  the  indicator  solution  in  one 
of  the  buflFer  mixtures  studied  by  Clark  and  Lubs  (5).  The  tubes  were  nearly 
uniform,  and  the  volume  was  made  the  same  in  all  the  tubes,  usually  5  to  6  cc. 


Fig.  1.    Comparator  for  Hydrogen-ion  Exponent  Measxtrements 

distilled  water  being  added  for  this  purpose  to  the  tubes  of  the  pair.  Various 
bufiFer  tubes  were  tried  until  a  match  was  obtained.  If  the  color  seen  through 
the  pair  of  tubes  fell  in  an  interval  between  two  buffer  tubes  a  quick  estimate 
was  made  of  the  fraction  of  the  interval,  and  this  fraction  was  recorded. 
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After  the  measurements  were  finished  the  results  were  calculated  from  the 
determined  hydrogen-ion  exponent  values  of  the  buffer  solutions.  In  this  way 
the  pairs  of  tubes  of  the  various  ratios  were  treated  as  if  each  pair  had  been 
a  single  solution  of  unknown  hydrogen-ion  concentration,  and  its  hydrogen- 
Ion  exponent  measured  colorimetrically.  The  result  may  then  be  termed  the 
hydrogen-ion  exponent  value  of  the  pair. 

A  few  pairs  of  tubes  were  also  studied  containing  a  total  of  5  drops  in  the 
same  volume  of  solution,  and  others  containing  a  total  of  20  drops.  In  this 
way  the  indicators  were  studied  at  all  concentrations  which  could  be  used 
with  test-tubes  of  about  the  given  dimensions  in  the  given  procedure.  It  was 
not  to  be  expected  that  the  dissociation  constant  could  show  perceptible 
change  with  changes  of  100  per  cent  in  concentration,  since  the  indicator  was 
in  very  dilute  solution  in  any  case,  from  0.00001  to  0.00002  molecular.  When 
alcoholic  solutions  were  used  an  effect  was  sometimes  seen  when  the  larger 
quantities  of  indicator  solution  were  added.  This  was  probably  due  to  change 
in  the  nature  of  the  solvent,  the  concentration  of  alcohol  increasing  to  about 
4  to  6  per  cent  when  20  drops  were  used. 

TABLE  1 
Logarithm  values  far  the  various  drop^aUos 


Log  value 

Approximate      log 
vahie 


-0.95 
-0.95 


»9 

00 


-0.75 
-0.75 


-0.60 
-0.6 


-0.37 
-0.4 


-0.18 
-0.2 


0.18 


0.2  0.4 


0.37 


0.60 
0.6 


750 


750 


1.95 
1. 95 


There  were  at  hand  a  series  of  buffer  mixtures  somewhat  old.  In  order 
to  reduce  the  effect  of  the  personal  equation  these  solutions,  which  were  no 
longer  exact,  were  used  in  preference  to  fresh  ones,  and  the  hydrogen-ion 
exponent  of  each  in  turn  was  determined  at  practically  the  same  time  and  at 
nearly  the  same  room  temperature  at  which  they  were  used.  The  hydrogen- 
ion  measurements  were  made  in  the  Clark  electrode  vessel  (3)  with  mechanical 
shaking  in  a  well  insulated  box.  The  automatic  temperature  regulation 
was  not  used;  and  the  temperature  of  the  box  was  about  that  of  the  room 
but  was  far  more  constant,  varying  hardly  a  degree  per  day.  As  reference 
electrode  a  saturated  potassiiun  chloride,  calomel,  electrode  was  used  and 
the  hydrogen-ion  exponents  were  calculated  from  the  figures  given  by  Michaelis 
(IS).  This  electrode  had  been  in  use  for  about  three  years  and  had  been 
frequently  checked  with  satisfactory  results  against  Clark  and  Lubs'  0.05M 
add  potassium  phthalate  solution  (5)  and  Michaelis'  standard  acetate  solu- 
tion (IS).  At  about  2S**,  Clark  and  Lubs'  value  for  20*,  3.97,  was  closely 
checked;  at  30*  the  value  found  by  the  above  method  of  reference  was  about 
4.01.    In  the  case  of  the  standard  acetate  the  results  were  always  about  0.4 
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to  0.5  millivolt  (0.01  pH)  higher  than  those  given  by  Michaelis;  this  being 
due  possibly  to  the  fact  that  the  Clark  electrode  vessel  gives  a  more  certain 
equilibrium  after  5  minutes'  shaking  than  Michaelis  seems  to  have  attained 
with  his  hydrogen  electrode  in  a  considerably  longer  time.  He  states  that 
30  minutes  or  longer  may  be  required  in  the  case  of  standard  acetate  solution, 
which  would  seem  from  his  accoimt  to  take  a  longer  time  to  reach  equilibriiun 
in  his  apparatus  than  many  other  solutions. 

In  the  use  of  the  Clark  electrode  vessel  the  vessel  was  first  flooded  with 
electrolytic  hydrogen  (after  filling  with  water  or  the  solution,  unless  the  air 
was  known  to  be  displaced  by  previous  determinations),  and  then  washed 
with  the  fluid;  then  the  fltdd  admitted,  and  the  vessel  rocked  for  5  minutes. 
Hydrogen  was  not  bubbled  through  the  liquid,  this  procedure  not  being 
necessary  except  in  very  precise  work;  and  in  fact  being  suitable  only  for 
solutions  containing  no  volatile  adds  or  bases  (imless  the  hydrogen  is  suitably 
washed  before  entering  the  electrode  vessel.)  It  was  noted  that,  because  of 
the  volatility  of  acetic  add,  successive  determinations  of  the  standard  acetate 
mixture  did  not  check  imless  the  portion  of  the  fluid  remaining  in  the  test- 
tube  portion  of  the  vessel  was  discarded.  Such  portions  evidently  lost  acetic 
add  during  the  5  minutes'  shaking.  A  small  sheet  platinum  electrode  was 
used,  which  was  coated  freshly  every  day  with  palladium  black  and  subse- 
quently treated  in  the  usual  manner,  as  described  elsewhere  (10). 

The  results  of  the  measurements  of  the  hydrogen-ion  exponent  value  of 
the  various  pairs  of  tubes  having  drop-ratios  1 : 9,  2 : 8,  etc.,  are  given  in  tables 
2  and  3.  For  the  calibration  of  a  system  for  measurement  of  hydrogen-ion 
exponent  it  is  better  not  to  use  these  individual  figures,  as  they  contain  experi- 
mental errors,  but  to  smooth  out  the  errors  by  means  of  the  theoretical  equa- 
tion, provided  the  data  are  well  represented  by  it.  To  examine  this  the  values 
of  the  constants  were  calculated  by  means  of  the  equation  and  are  summarized 
in  table  4.  In  tables  2,  3  and  4,  parentheses  are  used  to  endose  figures 
affected  by  unusual  uncertainties  of  measurement  In  some  cases  there  is  an 
evident  effect  on  the  constant  of  the  use  of  20  drops  of  alcoholic  indicator 
sdution.  Aside  from  these  cases,  the  apparent  dissociation  constant  is 
really  constant  within  the  experimental  error  of  the  color  comparisons.  This 
error  varies  of  course  with  the  different  indicators,  being  relativdy  great  with 
bromphenol  blue  and  bromcresol  purple,  and  small  with  the  red  indicators, 
especially  phenol  red.  The  question  is  of  course  left  open  whether  or  not 
any  inexactness  of  the  equation  might  be  established  if  means  were  taken 
to  secure  more  precise  color  estimations.  It  is  dear  that  the  equation  is 
entirdy  suitable  for  smoothing  out  the  acddental  errors. 

The  results  will  now  be  taken  up  further  with  each  indicator  in  turn,  induding 
some  results  not  summarized  in  the  tables. 

Bromphenol  blue  (Tetrabromo-phenolsulfonphthalein;  M.  W.,»  670).  This 
indicator,  because  of  its  dichromatism,  sometimes  gives  trouble  with  turbid 

*  Molecular  wdght 
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solutions,  as  was  discussed  by  Clark  and  Lubs,  who  recommended  (6)  a  screened 
light  (ydlow)  for  use  when  difficulty  is  experienced  in  daylight.  All  the 
figures  reported  in  tables  2  and  3  were  obtained  by  daylight  measurements, 
but  this  indicator,  as  well  as  some  of  the  others,  was  also  studied  in  the  yellow 
screened  light.  The  constants  obtained  were  not  quite  the  same,  being  4.00 
for  the  aqueous  indicator  solution,  and  3.99  for  the  alcoholic  indicator  solu- 
tion (10-drop  series),  as  against  4.06  and  4.04  for  the  daylight  measurements. 

TABLE  2 
Hydrogen^on  exponent  values  Jound  for  the  various  pairs.    Indicators  used  in  water  sdution 


nnncATOR 

Broni' 

Brooi- 

(ftlkBliiie 
nnge 

pbenol 

Methyl  nd 

crcMl 
porple 

Phenol  >ed 

Craolied 

1:9 

3.20 

4.20 

5.36 

6.83 

6.94 

(8.01) 

2:8- 

3.38 

4.35 

5.61 

7.09 

7.44 

8.27 

3:7 

3.69 

4.65 

5.79 

7.34 

7.67 

8.51 

4:6 

3.83 

4.83 

6.10 

7.52 

7.92 

8.63 

5:5 

4.02 

4.96 

6.21 

7.74 

8.08 

8.76 

6:4 

4.21 

5.12 

6.40 

7.92 

8.30 

9.02 

7:3 

4.30 

5.32 

6.72 

8.11 

8.43 

9.10 

8:2 

4.73 

5.56 

6.89 

8.32 

8.67 

9.42 

9:1 

(5.85) 

7.09 

(8.59) 

8.84 

(9.57) 

1:4 

4.38 

2:3 

4.77 

7.56 

3:2 

4.35 

7.85 

4:1 

(4.8) 

8.34 

8.71 

2:18 

3.15 

5.31 

6.82 

7.06 

7.87 

4:16 

3.40 

5.56 

7.09 

(7.41) 

8.23 

6:14 

5.82 

7.29 

7.67 

8.47 

8:12 

5.96 

8.69 

10:10 

7.72 

8.79 

12:8 

8.97 

14:6 

(8.00) 

8.45 

9.16 

16:4 

5.50 

9.37 

18:2 

5.96 

9.70 

Room  temDeiature 

31* 

30* 

30* 

290 

24* 

240 

k 

4.06 
0.008 

4.96 
0.003 

6.26 
0.012 

7.72 
0.004 

8.08 
0.008 

8.82 

Indicator  solution  used  (per  cent) 

0.008 

The  discrepancies,  which  of  course  cannot  be  due  to  a  real  change  of  the 
dissociation  constant,  are  in  all  cases  within  the  possible  error  of  interpola- 
tion, and  are  no  doubt  entirely  due  to  this  error,  as  in  certain  cases  the  com- 
parison was  repeated  with  the  error  of  interpolation  halved  by  the  use  of  buffer 
mixtures  only  0.1  pH  apart,  and  the  discrepancy  was  in  those  cases  reduced 
correspondingly.  The  discrepancy  was  apparently  due  to  the  use  of  the 
screened  light  in  a  room  not  otherwise  darkened,  and  also  to  certain  relative 
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positions  of  the  screened  light  and  the  windows.  If  measurements  are  to  be 
made  with  the  screened  light  in  a  room  which  cannot  well  be  darkened,  the 
screened  light  should  be  so  placed  that  white  light  does  not  enter  the  eye 
from  one  side  or  the  other.  Because  of  these  considerations,  the  values  found 
for  daylight  have  been  used  in  the  preparation  of  tables  for  use  either  in  day- 
light or  in  the  yellow  light.  Similar  discrepancies  due  to  the  same  cause 
were  noted  with  some  of  the  other  indicators. 

TABLE  3 
Hydrogen-ion  exponent  values  found  for  the  various  pairs.    Indicators  used  in  alcoholic  solution 


INDICATOR 

DROP-RATIO 

Broni- 
phenol 

Methyl 
red 

Btoib- 
Icresol 
purple 

Bronn- 

Brom- 

1:9 

2:8 

3:7 

4:6 

5:5 

6:4 

7:3 

8:2 

9:; 

1:4 

2:3 

3:2 

4:1 

2:18 

4:16 

6:14 

8:12 

10:10 

12:8 

14:6 

16:4 

18:2 

3.38 
3.40 
3.67 
3.78 
4.04 
4.21 
4.44 
(4.74) 

3.10 
3.37 

3.90 

4.28 
4.44 
4.89 

4.00 
4.42 
4.69 
4.85 
5.01 
5.19 
5.34 
5.56 
5.82 
4.44 

4.64 

5.34 
5.88 

(5.23) 
5.60 
5.82 
5.82 
6.12 
6.29 
6.48 
6.67 

(7.13) 

6.44 
(7.13) 
5.14 
5.42 
5.66 
5.85 
6.10 
6.27 
6.44 
6.76 
(7.02) 

6.10 
6.38 
6.68 
6.86 
7.04 
7.23 
7.47 
7.79 
7.98 

(6.10) 
(6.35) 
6.66 
6.85 
7.06 
7.29 
7.47 
7.70 

6.12 
6.72 
7.02 

7.57 
7.87 

Room  tempexature 

290 

0.008 
95 

27* 
0.008 
60' 

30- 
0.024 
95 

25' 
0.03 
60 

27* 

Indicator  solution  per  cent 

0.015 

Akohol  (per  cent)  in  indicator  solution 

60 

A  few  measurements  were  made  toward  determining  the  temperature 
coefficients,  using  for  this  purpose  fresh  phthalate  buffer  mixtures,  spaced 
at  0.1  pH  intend.  They  were  made  up  and  checked  at  20**.  Measure- 
ments of  the  temperature  coefficients  of  the  bufiFers  were  not  made.  The 
aqueous  indicator  solution  was  used  and  the  pair  having  the  drop-ratio  7 : 3 
was  studied.  The  buffer  mixtures  were  kept  in  a  water  bath  regulated  at  a 
given  temperature  and  were  removed  an  instant  at  a  time  to  permit  quick 
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measurement  in  the  comparator  of  the  hydrogen-ion  exponent  value  of  the 
7: 3  pair.  No  certain  difference  in  the  value  could  be  seen  on  varying  the 
temperature  in  several  steps  from  15  to  50^.  The  values  could  be  estimated 
only  within  0.1  pH.  This  result  does  not  mean  that  the  temperature  coefli- 
dent  is  necessarily  negligible,  since  the  change  of  hydrogen-ion  exponent  of 
the  buffers  might  possibly  conceal  a  small  effect. 

TABLE  4 
Calculated  values  of  the  apparent  dissociation  constants 


BEOMPBEHOL 

BBOXCRBSOL 

BROMTHY- 

PHBWQL 

CRB80L 

IHTXOL 

BLUB 

PUBPLB 

MOLBLDB 

BSD 

BZD 

BLUB 

Dmor-BAiio 

W» 

At 

W 

A 

W 

6.31 

A 

A 

7.05 

A 

7.05 

w 

W 

W 

1:9 

4.15 

4.33 

5.15 

4.95 

(6.18) 

7.78 

7.89 

(8.96) 

2:8 

3.98 

4.00 

4.95 

5.02 

6.21 

6.20 

6.98 

6.95 

7.(59 

8.04 

8.87 

3:7 

4.06 

4.04 

5.02 

5.06 

6.16 

6.19 

7.05 

7.03 

7.71 

8.04 

8.88 

4:6 

4.01 

3.96 

5.01 

5.03 

6.28 

6.00 

7.04 

7.03 

7.70 

8.10 

8.81 

5:5 

4.02 

4.04 

4.96 

5.01 

6.21 

6.12 

7.04 

7.06 

7.74 

8.08 

8.76 

6:4 

4.03 

4.03 

4.94 

5.01 

6.22 

6.11 

7.05 

7.11 

7.74 

8.12 

8.84 

7:3 

3.93 

4.07 

4.95 

4.97 

6.35 

6.11 

7.10 

7.10 

7.74 

8.06 

8.73 

8:2 

4.07 

(4.14) 

4.96 

4.96 

6.29 

6.07 

7.19 

7.10 

7.72 

8.07 

8.82 

9:1 

(4.90) 

4.87 

6.14 

(6.18) 

7.03 

(7.64) 

7.89 

(8.62) 

1:4 

4.98 

2:3 

4.95 

* 

7.74 

3:2 

4.17 

6.26 

7.67 

4:1 

(4.2) 

(6.53) 

7.74 

8.11 

2:18 

4.10 

4.05 

6.26 

6.09 

7.07 

7.77 

8.01 

8.82 

4:16 

4.00 

3.97 

6.16 

6.02 

7.69 

(8.01) 

8.83 

6:14 

5.01 

6.19 

6.03 

7.09 

7.66 

8.04 

8.84 

8:12 

6.14 

6.03 

8.87 

10:10 

3.90 

6.10 

7.02 

7.72 

8.79 

12:8 

6.09 

8.79 

14:6 

3.91 

4.97 

6.07 

(7.63) 

8.08 

8.79 

16:4 

3.84 

4.90 

6.16 

6.97 

8.77 

18:2 

3.94 

5.01 

4.93 
4.99 

6.26 

(6.07) 

6.92 

8.75 

Constant 

4.06 

4.96 

7.72 

8.08 

8.82 

Constant,     10-drop 

series 

4.04 

6.14 

7.06 

7.05 

Constant,    20-drop 

series 

3.94 

6.07 

7.01 

♦  W— Water  indicator  solution, 
t  A — ^Alcohol  indicator  solution. 

Methyl  red  (4'-dimethylamidoazobenzene-2-carboxylic  add;  M.  W.,  269). 
There  seemed  to  be  no  important  influence  of  the  alcohol  when  10  drops  <rf 
the  alcoholic  indicator  solution  were  used.  The  pipette  delivered  48  drops 
per  cubic  centimeter.  After  addition  of  10  drops  to  the  buffers  the  volume  was 
6.5  cc.,  and  the  concentration  of  absolute  alcohol  was  therefore  about  2  per  cent 
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The  temperature  coefficient  was  studied  as  in  the  case  of  bromophenol 
blue,  with  the  same  buffer  mixtures.  The  aqueous  indicator  solution  was 
used,  and  the  pair  having  the  drop-ratio  2 : 8  was  studied.  The  dissociation 
constants  were  calculated  by  adding  0.60  to  the  hydrogen-ion  exponent  values 
found  for  the  2 : 8  pair.  It  should  be  noted  that  the  constants  are  not  cor- 
rected for  the  change  of  hydrogen-ion  exponent  of  the  buffer  mixtures  with 
temperatiu'e,  and  the  true  variation  of  the  constant  with  temperature  is 
probably  a  little  greater  than  would  appear  from  these  results.  Table  5 
gives  the  results.    The  value  for  18^  is  one  calculated  from  the  data  of  Tizard. 


TABIX  5 
Apparent  dissociaiian  conslant  (uncorrected)  of  methyl  red  at  different  temperatures 

CEMTIORADB 

U.5- 

18.0» 

20.0* 

29.5* 

40.0- 

49.5* 

Const&nt 

5.13 

5.11 

5.10 

5.05 

4.98 

4.93 

Tizard  arrived  at  the  constant  4.98,  but  the  mode  of  calculation  is  not 
stdted  to  present  purposes.  He  came  to  the  conclusion  that  at  most  only  93 
per  cent  of  the  molecules  could  actually  be  brought  into  the  red  form  by  an 
excess  of  add  and  took  this  into  account  in  the  calculation,  basing  the  per- 
centages of  color  transformed  on  the  theoretical  maximal  transformation. 
Now  in  the  present  method  we  must  take  the  actually  realizable  maximal 
redness,  as  obtained  by  excess  (not  too  great)  of  add,  as  100  per  cent.  The 
writer  has  therefore  recalculated  the  data  of  Tizard,  taking  the  maximal 
redness  observed  by  him  as  100  per  cent  as  the  basis  for  calculating  the  per- 
centage transformed.  The  results  are  given  in  table  6.  His  results  for  the 
more  alkaline  portion  of  the  range  are  omitted.  The  extreme  values  of  the 
constant  given  in  table  6  deviate  from  the  others,  but  within  the  range  10  to 
90  per  cent  transformation  the  constancy  is  very  good.  Neglecting  the  two 
extremes,  the  mean  value  is  5.11. 


TABLE  6 
Apparent  dissociatum  constant  far  methyl  red  at  IS"",  calculated  from  the  data  of  Tizard 

8.75 

11.7 

14.3 

19.0 

22.9 

50.6 

59.8 

47.6 

57.9 

72.6 

86.0 

5.15 

98.5 

Apparent  constant 

5.25 

5.17 

5.12 

5.12 

5.10 

5.09 

5.09 

5.10 

5.11 

5.09 

5.86 

Propyl  red  (DipropyIamidoazobenzene-2-carboxylic  add).  This  indicator 
has  given  very  good  results  as  used  in  buffer  mixtures,  but  the  colors  of  the 
standards  are  apt  to  fade  prematurdy.  When  the  attempt  was  made  to 
measure  the  constant  the  colors  in  the  buffers  faded  before  the  measurements 
could  be  finished.  The  equation  did  not  seem  to  apply  at  all,  but  it  was 
observed  that  after  the  colors  had  faded  (in  the  more  add  tubes  of  the  buffers) 
the  equation  seemed  to  fit  better.    This  gives  a  hint  that  a  tautomeric  change, 
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not  instantaneous,  is  involved,  but  unfortunately  this  was  not  followed  up 
at  the  time.  If  this  is  true,  the  constant  would  be  about  5.28  at  30^.  This 
indicator  is  not  included  in  the  present  method 

Bramcresol  purple  (DibrOmo-{>-cresolsulfonphthalein;  M.  W.  540).  When 
the  alcoholic  indicator  solution  was  used  a  difference  in  the  dissociation  con- 
stant was  noted  of  0.12  in  the  10-drop  series,  with  a  further  difference  of 
0.07  in  the  20-drop  series.  No  attempt  was  made  to  measure  the  exponent  of 
the  buffer  mixtures  after  addition  of  alcohol. 

TABLE? 
Data  far  the  determination  of  hydrogen-ion  exponent 


HirDROOEN-ION  KZPOMBMT  lOR  BACH  PAIR  OT  TUBB8 

Brom- 

phenol 

blue 

Methyl 
red 

Brom- 
cxesol 
purple 

Brom- 

Phenol 
red 

CreMlred 

Thymol  blue 

1:9 

3.1 

4.05 

5.3 

6.15 

6.75 

7.15 

7.85 

(1.5:8.5) 

3.3 

4.25 

5.5 

6.35 

6.95 

7.35 

8.05 

2:8 

3.5 

4.4 

5.7 

6.5 

7.1 

7.S 

8.2 

3:7 

3.7 

4.6 

5.9 

6.7 

7.3 

7.7 

8.4 

4:6 

3.9 

4.8 

6.1 

6.9 

7.5 

7.9 

8.6 

5:5 

4.1 

5.0 

6.3 

7.1 

7.7 

8.1 

8.8 

6:4 

4.3 

5.2 

6.5 

7.3 

7.9 

8.3 

9.0 

7:3 

4.5 

5.4 

5.7 

7.5 

8.1 

8.5 

9.2 

8:2 

4.7 

5.6 

6.9 

7.7 

8.3 

8.7 

9.4 

(8.5:1.5) 

4.8 

5.75 

7.0 

7.85 

8.45 

8.85 

9.55 

9:1 

5.0 

5.95 

7.2 

8.05 

8.65 

9.05 

9.75 

Per  cent  in  indicator  so- 

lution   

0.008 

0.008 

0.012 

0.008 

0.004 

0.008 

0.008 

Cubic  centimeters  of  0.1 

N  NaOH  per  0.1  gm. 

portion 

1.64 

2.78 

1.77 

3.10 

2.88 

2.38 

Produce  add  color  with . . 

0.057^ 

0.05iV 

0.057^ 

0.05iV 

0.05iV 

2% 

2% 

HCl 

HCl 

HCl 

HCl 

HCl 

HsKP04 

HtKP04 
orHfO 

Quantity  of  acid  used  to 

produce  arid  color 

Ice.    ' 

1  drop 

1  drop 

1  drop 

1  drop 

1  drop 

1  drop 

BronUhymol  blue  (Dibromo-thymolsulfonphthalein;  M.  W.  624).  This 
indicator  was  studied  only  with  its  solution  in  alcohol.  When  20  drops  were 
used  the  constant  was  different  by  0.04,  not  a  large  difference  in  the  case*of 
this  indicator,  the  colors  of  which  are  not  so  favorable  for  exact  comparisons 
as  most  of  the  other  indicators.  The  water  solution  of  the  monosodium 
salt  will  be  recommended,  and  since  the  constant  was  found  to  be  7.01  with 
20  drops  of  alcoholic  solution,  and  7.05  with  10  drops  of  the  same,  we  may 
properly  round  off  the  latter  value  to  7.1,  as  has  been  done  in  table  7. 

In  a  committee  report  of  the  Society  of  American  Bacteriologists  (8)  tests 
were  reported  of  the  value  of  six  pairs  according  to  the  technique  of  Bamett 
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and  Chapman.  The  technique  differed  only  in  that  the  volume  was  not 
kept  constant  in  all  the  pairs  (this  should  not  be  of  great  significance).  The 
values  for  the  ratios  from  1:9  to  6:4,  inclusive^  were  respectively  6.2,  6.4, 
6.7,  6.9,  7.1  and  7.3,  essentially  the  same  values  as  reported  here. 

Phenol  red.  (Phenolsulfonphthalein,  M.  W.  354).  This  indicator  is  the  one 
studied  by  Bamett  and  Chapman,  from  the  ratio  1 : 9  to  the  ratio  6: 4,  inclusive. 
Their  values  were  6.9,  7.2,  7.5,  7.7,  7.9,  and  8.1,  respectively.  Calculation 
shows  that  all  these  values  lead  to  very  nearly  the  same  value  of  the  disso- 
ciation constant,  7.87.  In  the  report  of  the  bacteriological  committee  already 
cited,  the  values  reported  for  these  six  ratios  were  7.1,  7.3,  7.5,  7.7,  7.8,  and 
7.9.  Calculation  of  the  constant  3delds  values  varying  considerably,  the  average 
value,  however,  being  identical  with  that  given  by  Barnett  and  Chapman. 
It  is  evident  that  the  use  of  values  for  the  drop-ratios  without  smoothing  out 
the  experimental  errors  of  the  calibration  would  lead  to  considerable  unneces- 
sary error. 

In  view  of  the  consistent  difference  between  the  writer's  values  and  those 
of  Bamett  and  Chapman  (about  0.2  pH)  the  writer  cooled  the  buffer  mixtures 
(from  29^)  to  23^  and  determined  the  values  of  two  pairs,  and  found  that 
the  constant  was  increased  by  about  0.05  pH.  The  hydrogen-ion  exponents 
of  the  phosphate  and  borate  buffers  were  determined  at  27-28®  only.  Part 
of  the  small  discrepancy  between  the  results  of  Bamett  and  Chapman  and 
those  of  the  writer  may  therefore  be  due  to  the  influence  of  temperature, 
either  on  the  dissociation  constant  of  the  indicator  or  on  the  hydrogen-ion 
exponents  of  the  buffer  mixtures.  At  present  there  has  been  published  no 
system  of  buffer  mixtures  which  has  been  calibrated  at  temperatures  higher 
than  20®.  Ordinary  differences  of  room  temperature  are  generally  neglected 
in  biological  work,  though  of  course  such  neglect  may  not  always  be  justified. 
Because  the  temperatiu'e  was  not  specified  and  the  constants  only  approxi- 
mately measured  for  purposes  of  illustration,  the  constants  given  by  Clark 
and  Lubs  (6)  for  the  various  indicators  have  not  been  compared  with  the 
present  values.  A  number  of  them  differ  by  about  0.1  or  0.2  from  those 
of  the  writer,  and  in  the  case  of  phenol  red  their  value  is  in  agreement  with 
those  of  that  of  Bamett  and  Chapman. 

Cresd  red  is  ortho-cresolsulfonphthaldn,  and  has  the  molecular  weight 
382. 

Thymol  blue  is  thymolsulfonphthalein,  and  has  the  molecular  weight  463. 
The  changes  in  strong  add  solution  were  not  studied. 

PREPARATION  OF  THE  INDICATOR  SOLUTIONS 

At  present  the  indicators  are  offered  in  the  market  both  in  the  solid  form, 
and  as  solutions  of  the  monosodium  salts.  The  preparation  of  phenol  red 
offered  for  a  renal  function  test,  containing  carbonate,  is  unstdtable. 
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The  suitable  strengths  of  solution  for  the  preparation  of  the  color  standards 
are  given  in  table  7.  The  percentages  refer  to  the  weight  of  the  free  add 
indicator.  It  is  understood  that  precision  is  not  required  in  the  concentra- 
tion of  indicator  solution;  however,  in  the  preparation  of  the  monosodium 
salts  ordinary  care  should  be  observed  in  the  measurement  The  quantities 
of  alkali  required  to  form  these  salts  from  the  solid,  free,  indicators  are  given  to 
0.01  cc.  but  it  is  only  required  to  work  as  well  within  a  tenth  of  a  cubic  centi- 
meter as  possible. 

Although  methyl  red  can  be  prepared  as  a  monosodium  salt  in  water  solu- 
tion, this  is  not  advised  for  measurements  of  the  exponents  of  soil  extracts; 
the  alcoholic  solution  .being  preferred  for  reasons  given  recently  (10).  The 
following  directions  require  an  analytical  balance.  Take  20  mgm.  of  finely 
ground  indicator,  dissolve  in  150  cc.  of  alcohol  which  has  been  redistilled  over 
a  little  alkali,  and  make  up  the  volume  to  250  cc.  with  distilled  water.  The 
other  solutions  required  are  all  made  up  in  water  solution.  In  all  cases  use 
a  clean  mortar  (best  of  agate)  and  grind  up  the  indicator  with  the  required 
quantity  of  standard  sodium  hydroxide  solution,  added  in  portions,  at  first 
only  moistening  the  indicator.  The  required  quantity  of  0. 1  i\r  sodium  hydrox- 
ide solution  for  0.1  gm.  of  indicator  is  given  for  each  indicator  in  table  7. 
These  quantities  give  1.1  equivalents  for  each  indicator  except  for  bromcresol 
purple,  for  which  the  quantity  gives  1.5  equivalents,  the  stated  number  of 
equivalents  being  required  for  solution,  according  to  a  personal  communica- 
tion from  Dr.  H.  A.  Lubs.  We  generally  use  50  mgm.  instead  of  0.1  gm., 
using  sodium  hydroxide  more  dilute  than  0.1  iV  in  order  to  obtain  accurate 
measurement.  Heat  may  be  used  to  effect  solution,  but  should  not  be  neces- 
sary. We  reported  difficulty  in  avoiding  decomposition  of  bromcresol  purple 
(10)  but  have  had  no  trouble  since  that  time  and  believe  that  the  present 
technique,  which  is  that  given  by  Clark  and  Lubs  (7),  avoids  all  difficulty. 

Some  of  the  preparations  of  indicators  on  the  market  are  not  quite  pure, 
unchanged  starting  material  apparently  being  present  in  some  brominated 
indicators.  For  the  preparation  and  purification  of  these  indicators  reference 
may  be  made  to  the  work  of  Lubs  and  Clark  (13,  14)  for  all  but  methyl  red; 
and  to  that  of  Tizard  for  methyl  red  (20).  The  papers  of  Acree  and  his  stu- 
dents contain  information  on  this  point,  for  which  see  reference  no.  22  and  liter- 
ature given  there.  The  following  notes,  obtained  from  these  sources,  may  be 
of  interest.  Bromphenol  blue  may  be  recrystallized  from  glacial  acetic  acid 
or  (22)  from  a  mixture  of  acetic  add  and  acetone;  methyl  red  and  bromcresol 
purple  from  boiling  toluol;  cresol  red,  from  glacial  acetic  add;  and  thymol  blue, 
from  alcohol. 

If  the  indicators  contain  impurities  having  indicator  properties,  the  fact 
may  be  disdosed  in  use  by  the  impossibility  of  matching  the  color  of  the 
unknown  solution  by  means  of  any  ai  the  color  standards. 
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PREPARATION  AND  USE  OP  THE  COLOR  STANDARDS 

The  comparator  shown  in  figure  1  is  modified  from  those  used  by  Hurwitz, 
Meyer  and  Ostenberg  (11)  and  by  Clark  and  Lubs  (6),  the  principle  of  which 
is  the  same  as  that  of  the  comparator  of  Walpole  (21).  The  dimensions  are 
suitable  for  test-tubes  the  external  diameter  of  which  is  a  little  less  than  | 
inch,. as  is  the  case  with  those  described  below.  The  essentials' are  that  the 
various  holes  should  lie  in  the  proper  planes,  as  shown  by  the  vertical  broken 
lines.  These  planes  should  lie  as  closely  together  as  possible  so  that  the  two 
optical  fields  are  near  together;  and  the  test-tubes  should  not  be  too  loose  in 
the  holes,  as  otherwise  the  optical  picture  may  depend  somewhat  on  the 
position  of  the  tubes  in  the  holes.  The  view-holes  are  intentionally  smaller 
than  the  tube  diameter  in  order  to  give  a  homogeneous  optical  picture,  and  it 
is  partly  for  the  same  reason  that  the  water  tubes  are  inserted.  The  interior 
of  the  comparator  is  best  painted  dead  black. 

Test-tubes  of  1.5  cm.  external  diameter  and  15  cm.  long  are  suitable  for  the 
comparator  illustrated  and  for  the  strengths  given  for  the  indicator  solutions. 
It  is  advisable  to  select  from  a  stock  of  tubes  a  sufficient  number  of  uniform 
tubes  by  running  into  each  10  cc.  of  water  and  retaining  those  which  are  filled 
nearly  to  the  same  height.  A  variation  of  3  or  4  mm.  on  a  height  of  8  cm.  is 
permissible.  Test-tubes  without  flanges  are  preferable.  The  tubes  maybe 
held  together  in  pairs  by  means  of  one  rubber  band  per  pair,  which  is  wound 
about  the  tubes  in  the  form  of  two  figure  8's. 

It  is  convenient  to  use  metal  test-tube  racks,  one  for  each  indicator,  each 
rack  holding  two  rows  of  tubes,  accommodating  one  tube  of  each  pair  in  front 
and  one  in  back.  For  any  desired  indicator  a  set  of  color  standards  is  prepared 
by  placing  from  1  to  9  drops  of  the  indicator  solution  in  the  9  front  tubes  of 
the  pairs  and  from  9  to  1  drops  in  the  back  row  of  tubes.^  A  drop  of  alkali 
is  then  added  to  the  tubes  in  the  front  row  (two  drops  in  the  case  of  thymol 
blue),  sufficient  to  develop  the  full  alkaline  color,  and  a  quantity  of  add  is 
added  to  the  tubes  of  the  back  row  to  develop  the  full  acid  color  without  caus- 
ing a  secondary  change  of  color.  The  quantity  of  acid  to  be  added  varies  a 
little  with  the  nature  of  the  indicator.  Table  7  tells  the  quantity  and  nature 
of  the  acid  which  can  be  used  without  danger  of  difficulty.  If  by  accident 
more  than  one  drop  is  added,  no  trouble  should  be  caused,  and  the  strengths 
given  need  only  be  approximate.  The  0.05  N  HCl  may  be  prepared  by  dilut- 
ing 1  cc.  of  concentrated  hydrochloric  add  (sp.  g.,  1.19)  to  240  cc;  and  the 
alkali,  by  making  up  a  0.2  per  cent  solution  of  stick  sodium  hydroxide.  The 
volume  is  at  once  made  up  in  all  the  tubes  to  a  constant  hdght  (within  about 
one  drop)  with  distilled  water,  the  hdght  corresponding  to  5  cc.  A  different 
volume  may  be  chosen  if  desired.  A  rubber  tube  with  a  pinch-cock  serves  to 
deliver  the  water.    In  making  up  the  volume  it  is  convenient  to  hold  in  the 

*  We  take  the  natural  precaution  of  holding  the  delivery  pipette  in  a  vertical  and  therefore 
easily  icprodudble  position  when  adding  the  indicator  drops. 
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hand  a  tube  containing  the  chosen  volume  beside  the  pair  of  tubes  to  be  filled. 
These  operations  can  be  carried  out  rapidly.  Investigators  may  determine  for 
themselves  under  their  working  conditions  how  long  the  standards  may  be  re- 
lied upon  to  keep.  We  have  found  most  of  them  stable  for  more  than  two  days, 
and  it  would  appear  that  no  change  whatever  need  be  feared  during  the  first 
day  except  possibly  in  the  case  of  cresol  red  and  thymol  blue.  The  ratios  given 
in  parentheses  in  table  7  are  secured  by  the  use  of  a  total  of  20  drops,  distri- 
buted 3  drops  in  one  tube  of  the  pair  and  17  in  the  other,  and  the  volume  is 
made  double  (10  cc).  Such  tubes  are  used  in  exactly  the  same  way  as  the 
others.  It  will  be  clear  that  the  ratios  8.5 : 1.5,  methyl  red,  and  1.5 : 8.5,  brom- 
cresol  purple  are  necessary  if  it  is  desired  to  make  measurements  around  the 
exponent  5.6  as  precise  as  at  other  points,  but  the  other  20-drop  pairs  are 
seldom  useful  unless  some  of  the  indicators  are  omitted. 

If  only  a  few  measurements  are  to  be  made,  it  will  be  desirable  to  determine 
what  indicators  can  be  used  before  preparing  the  color  standards.  This  is 
readily  done  in  most  cases  by  treating  the  unknown  solutions  with  the  indi- 
cators in  turn  until  one  of  the  indicators  shows  a  partial  transformation  of  color. 
If  material  is  limited  this  test  (or  even  the  actual  measurement)  may  be  made 
by  adding  2  drops  of  indicator  solution  to  1  cc.  of  solution.  In  some  cases  it 
may  be  necessary  to  use  the  comparator  and  a  few  color  standards  in  order  to 
make  sure  whether  a  given  indicator  can  be  used  or  not.  When  the  necessary 
standards  for  the  needed  indicators  have  been  prepared  the  solution  to  be 
examined  is  treated  with  10  drops  of  indicator  solution,  such  a  quantity  of  the 
solution  being  taken  in  preference  that  the  mixture  rises  in  the  test-tube  to  the 
height  representing  a  voliune  of  5  cc.  The  test-tube  containing  the  mixture 
is  placed  in  the  comparator  and  its  color  compared  with  the  color  of  the  stand- 
ards, any  natural  color  or  turbidity  of  the  solution  being  balanced  optically, 
as  shown  below.  Various  color  standards  are  tried,  one  pair  after  another, 
until  the  color  of  the  unknown  is  matched  with  one  of  the  pairs  or  is  evidently 
between  the  colors  of  two  of  them.  In  all  cases  it  must  be  determined  that  the 
color  is  certainly  within  the  range;  thus  measurements  cannot  be  made  at  the 
point  where  the  ratio  is  9: 1  or  1: 9,  as  the  percentage  transformation  of  the 
indicator  is  so  nearly  100  or  zero  per  cent  that  the  hydrogen-ion  exponent 
might  really  be  far  from  that  represented  by  such  a  ratio  without  the  fact  being 
disclosed  by  a  color  diflFerence.  With  turbid  solutions  it  may  not  alwa}^  be 
possible  to  locate  the  correct  ratio  when  it  lies  even  at  8:  2  or  2: 8.  When  the 
ratio  has  been  found  which  corresponds  to  the  color  of  the  unknown,  the  hydro- 
gen-ion exponent  is  found  from  table  7.  Thus  suppose  methyl  red  is  the  indi- 
cator used  for  such  a  comparison  and  the  color  of  the  unknown  lies  between  the 
colors  of  the  standards  having  the  ratio  5: 5  and  6: 4,  then  the  hydrogen-ion 
exponent  is  found  from  the  table  to  be  between  5.0  and  5.2,  or  may  be  put  at 
5.1,  if  the  color  was  about  as  near  one  ratio  as  the  other.  When  the  color 
standards  are  being  tried  in  succession  to  determine  which  pair  matches  most 
nearly  with  the  fluid  of  unknown  hydrogen-ion  exponent  it  is  advisable  to  take 
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a  simple  precaution.  If  one  continues  to  gaze  through  the  comparator  while 
removing  a  color  standard  the  color  of  the  tested  fluid  will  appear  very  strong 
as  soon  as  the  color  standard  is  removed,  and  this  enhancement  of  color  will 
persist  to  a  noticeable  extent  when  the  new  color  standard  is  inserted.  On  this 
account  the  change  of  color  standards  should  always  be  made  without  looking 
through  the  comparator.  It  is  advisable  to  make  a  number  of  changes  of  the 
standards,  working  rapidly.  The  eye  acquires  a  temporary  sensitiveness  of 
color  appreciation. 

A  good  arrangement  of  the  tub^  in  the  comparator  for  a  right-handed  op- 
erator is  the  following.  Referring  to  the  top  view  in  figure  1,  two  tubes  of 
water  are  placed  in  the  two  upper  left-hand  holes  and  the  solution  to  be  exam- 
ined, treated  with  indicator,  below.  The  solution  without  indicator  may  be 
placed  in  the  upper  right-hand  hole,  and  a  pair  serving  as  a  color  standard  in 
the  two  lower  right-hand  holes.  It  is  a  natural  choice  to  place  the  pair  so  that 
the  color  which  is  dominant  is  nearer  the  eye. 

The  tubes  are  viewed  preferably  against  the  sky.  If,  in  the  case  of  some  of 
the  indicators  (bromcresol  purple,  and  especially  bromphenol  blue)  a  differ- 
ence of  quality  appears,  due  to  dichromatism,  so  that  no  satisfactory  match 
can  be  obtained,  it  will  be  advisable  to  view  the  tubes  for  the  comparison  in  a 
yellow  light  as  suggested  by  Clark  and  Lubs  (6).  They  use  a  box  containing 
carbon  electric  incandescent  lamps  and  the  light  emerging  from  the  box  passes 
through  tracing  paper  stained  yellow  by  painting  it  witih  a  mixture  of  phenol- 
sulfonphthalein  (phenol  red)  (5  cc.  of  0.6  per  cent  solution)  andadd  phosphate 
solution  (5  cc.  of  a  3  per  cent  solution  of  KH2PO4).  In  using  the  screened  Ught 
either  white  light  should  be  shut  off,  or  at  least  the  arrangement  should  be  such 
that  white  light  does  not  enter  the  eye  from  one  side  while  viewing  the  tubes 
in  the  yellow  light.  It  is  only  with  very  turbid  solutions  that  it  is  necessary 
to  work  with  the  yellow  light. 

In  using  10  drops  of  an  aqueous  indicator  solution  in  a  final  volume  of  5  cc. 
there  is  involved  a  dilution  which  may  in  special  cases  be  undesirable.  If  the 
solution  under  examination  owes  its  hydrogen-ion  concentration  to  a  strong 
add,  such  a  dilution  would  cause  the  exponent  to  be  raised  by  about  0.046,  an 
error  not  alwa}^  negligible.  This  is  the  greatest  error  that  can  be  caused  by 
such  a  dilution  when  an  aqueous  indicator  solution  is  used.  (We  are  assuming 
that  10  drops  occupy  a  volume  of  0.5  cc).  If  the  solution  owes  its  hydrogen- 
ion  concentration  to  a  weak  add  the  same  degree  of  dilution  would  cause  the 
exponent  to  be  raised  only  by  about  0.02,  while  if  salts  of  the  weak  add  are 
present  the  error  will  be  very  much  smaller.  In  most  biological  fluids  no  error 
as  large  as  0.02  is  to  be  expected;  with  soil  extracts  it  has  not  yet  been  de- 
termined how  nearly  the  error  may  approach  the  maximum,  0.05  pH.  If  it  is 
desired  to  reduce  the  error,  each  indicator  may  be  used  in  two  strengths,  a 
dilute  solution  of  the  strength  prescribed  above  being  used  for  the  color  stand- 
ards, and  a  solution  5  times  as  concentrated  being  used  for  the  solution  itself, 
2  drops  being  added  instead  of  10  drops.    In  the  work  recentiy  reported  in 
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this  journal  on  soils  (10)  we  used  2  drops  of  the  aqueous  indicator  solutions  to 
5  cc.  of  soil  extract,  except  in  the  case  of  methyl  red,  where  4  drops  were  used. 
n  the  dilute  alcoholic  solution  of  methyl  red  is  used  in  soil  extracts,  the  ernn: 
due  to  addition  of  the  alcohol  in  10  drops  is  probably  negligible  but  has  not 
yet  been  shown  so.  With  methyl  red  a  solution  5  times  as  strong  cannot  be 
prepared  in  60  per  cent  alcohol  but  one  may  be  prepared  2.5  times  as  strong  as 
the  dilute  solution,  and  4  drops  of  this  may  be  used  in  the  soil  extract. 

A  NOTE  ON  CLEAR  SOIL  EXTRACTS  BY  THE  USE  07  COLLOIDAL  IRON 

That  clear  soil  extracts  can  be  obtained  by  the  use  of  colloidal  iron  is  proba- 
bly known,  though  the  writer  is  imable  to  adduce  any  references,  no  literature 
search  having  be^i  made  on  this  point.  The  well-known  principles  of  coUddal 
chemistry  apply  to  the  case;  namely,  in  the  precipitation  of  the  (negative)  col- 
loids by  the  (positive)  colloidal  iron  the  reaction  is  nearly  quantitative,  but 
not  to  an  inconvenient  degree,  so  that  practically  dear  solutions  can  be  ob- 
tained with  some  variation  in  the  proportions  of  the  soil  and  the  colloidal  iron. 
If  the  iron  is  added  in  portions,  a  larger  quantity  is  required,  also  a  slight  excess 
of  iron  may  be  caused  to  disappear  by  again  shaking  up  the  soil  with  iron. 

A  commercial  ''dial3rzed  iron"  was  found  to  contain  enough  acid  to  affect 
somewhat  the  hydrogen-ion  exponent  of  the  extracts  obtained  by  its  use. 
Although  the  addition  of  silver  nitrate  did  not  cause  precipitation  (at  least 
immediately),  an  immediate  change  was  easily  visible  upon  examination  by 
reflected  sunlight  through  the  side  of  the  test-tube.  On  dilution  the  solution 
showed  a  high  acidity  against  methyl  red.  After  removal  of  the  iron  by  addi- 
tion of  ammonia  and  boiling,  a  strong  test  for  the  chlorine  ion  was  given  with 
silver  nitrate  in  the  presence  of  dilute  nitric  add.  The  preparation  contained 
7.5  gm.  of  solids  in  100  cc  Gravimetric  analysis  showed  a  ratio,  Fe^QiiAgCl, 
equal  to  2.9.  The  variations  in  the  formula  for  the  ''oxychloride"  of  dial3rzed 
iron  given  by  the  United  States  Dispensatory  (19th  edition),  on  the  authority 
of  Graham,  correspond  to  variations  in  this  ratio  of  2.4  to  8.8. 

A  quantity  of  the  conmierdal  preparation  was  redialyzed  in  a  thin  collodion 
bag  in  running  distilled  water,  the  vdodty  of  which  was  increased  about  the 
bag  by  putting  it  in  a  tube  of  only  slightly  greater  diameter.  The  dialysis 
continued  two  days  and  the  ion  did  not  predpitate  in  this  time.  Water  en- 
tered during  the  dialysis,  causing  a  dilution  of  about  25  per  cent.  The  redi- 
alyzed product  was  found  to  have  lost  but  very  little  of  its  predpitating  power 
for  soils.  When  it  was  diluted,  two  drops  to  10  cc.,  and  attempts  were  made 
to  determine  its  hydrogen-ion  exponent,  methyl  red  gave  the  exponent  4.8; 
and  bromcresol  purple,  a  very  different  result,  6.2.  Anal3rsis  showed  the  ratio 
FeaOs:  AgCl,  equal  to  6.4. 

This  redialyzed  iron  was  used  to  obtain  dear  soil  extracts  for  the  measure- 
ment of  hydrogen-ion  exponent  in  the  following  way.  To  30  cc.  of  distilled 
water  in  a  wide  test-tube,  15  gm.  of  the  air-dry  soil  were  added,  the  tube 
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dosed  and  violently  shaken  50  times.  The  dial3rzed  iron  solution  was  added  and 
the  whole  immediately  shaken  a  few  times  to  mix  thorooghly.  On  standing, 
if  the  proper  quantity  of  iron  had  been  added,  the  soil  particles  began  at  once 
to  suMde  and  soon  left  a  perfectly  clear  extract  above,  save  for  a  few  floating 
particles  around  the  edge  of  the  surface.  If  not  quite  enough  iron  was  added, 
fine  white  suspended  particles  could  be  seen,  which  did  not  interfere  with  the 
measurements.  Excess  of  iron,  which  is  shown  by  the  odor  of  the  suspended 
particles,  was  carefully  avoided,  as  this  had  already  been  found  to  yield  results 
more  or  less  too  add.  The  ck&r  fluid  was  drawn  off  in  a  pipette  well  rinsed 
with  distilled  water  and  the  hydrogen-ion  exponents  determined  by  the  tech- 
nique given  in  this  paper.  The  results  are  given  in  table  8,  together  with  the 
results  which  had  previously  been  obtained  for  the  given  soils  colorimetrically, 
by  the  use  of  a  centrifuge  (without  iron)  and  buffer  mixtures,  and  also  electro- 
metrically.  The  first  seven  soils  were  Caribou  loam  and  the  last  two  Wash- 
bum  loam* 

TABLES 

Hydragpttrian  expomenls  nuasmedfifr  some  s^ils  hy  tks  us9  of  ihe  cctt&idal  irm  msUufd  ofdtarki^i 
eampared  wiih  tke  results  obtained  by  the  usmd  methods 


BTDEOGXV-ION  IXPOMKim 

QUAMTrry  or  noN 

SOLUnOM  ADDED 

ica 

Iron  method 

Centrifnse  method 

ElcctroBwtzic  nMthod 

1 

8  drops 

4.55 

4.5 

4.50 

2 

8  drops 

4.9 

4.9 

4.64 

3 

7  drops 

4.8 

4.8 

4.80 

4 

9  drops 

4.95 

4.75 

4.80 

S 

6  drops 

5.05 

5.0 

4.90 

6 

2cc. 

5.0 

5.0 

5.00 

7 

2cc. 

5.2 

5.0 

5.00 

8 

Ice. 

5.65 

5.6 

5.68 

9 

12  drops 

5.8 

5.7 

575 

In  the  case  of  the  Caribou  and  Washburn  loams  listed  in  table  8  the  extracts 
prepared  with  iron  gave  practically  the  same  results  as  did  those  obtained  with 
the  centrifuge  (and  of  course  without  iron).  Those  obtained  with  iron  are 
also  far  clearer  than  can  ordinarily  be  obtained  with  a  centrifuge  of  usual 
power.  A  heavy  red  (Susquehanna)  clay,  not  air-dried,  suspensions  of  which 
could  not  be  cleared  sufficiently  with  a  centrifuge  to  permit  any  measurement 
of  hydrogen-ion  exponent,  gave  a  water-dear  extract  by  the  use  of  a  small 
quantity  of  iron  solution.  The  use  of  iron  would  be  of  especial  use  in  the 
case  of  fresh  soils,  which  are  more  ''colloidal"  than  after  air-drying. 

Nevertheless,  the  writer  does  not  feel  justified  in  proposing  such  clearing 
with  iron  for  the  measurement  of  hydrogen-ion  exponent,  on  the  ground  that 
other  soils,  with  possibly  smaller  "buffer  action,"  might  possibly  be  changed 
by  the  residual  acidity  of  the  colloidal  iron  used.  It  is  not  supposed  that  col- 
loidal iron  can  really  be  prepared  entirely  free  from  acid.    It  is  supposed  to 
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be  a  mixture,  in  varying  proportions,  of  oxychloride  and  hydrate.  The  hydrate 
of  the  mixture  does  not,  however,  show  the  same  solubility  relations  as  does 
fresyy  precipitated  hydrate.  Although  the  ratio,  FesQt:  AgClj,  for  a  given 
preparation  would  serve  in  some  degree  to  specify  the  degree  of  dialysis,  it 
would  appear  that  considerable  more  work  would  have  to  be  done  on  the  sub- 
ject in  order  completely  to  specify  the  properties  necessary  for  obtaining  reli- 
able results.  It  may,  however,  be  well  worth  while  for  those  who  can  check 
the  results  for  different  types  of  soil,  either  dectrometricaUy  or  colorimetricaUy 
by  the  use  of  a  centrifuge,  to  test  the  applicability  of  the  method  for  themselves. 

STTMMA&Y 

A  simple  technique  has  been  described  in  full  for  the  preparation  and  use  of 
a  series  of  color  standards  for  the  colorimetric  determination  of  hydrogen-ion 
exponent.  No  buffer  mixtures  are  required.  From  the  method  of  calibration, 
however,  any  salt  or  protein  errors  will  be  the  same  as  if  the  measiurement  had 
been  made  with  the  0.05  M  buffer  mixtures  of  Clark  and  Lubs. 

Each  color  standard  consists  of  two  test-tubes,  one  tube  containing  dilute 
alkali  and  the  other  dilute  acid.  The  tubes  contain  altogether  10  drops  of 
indicator  solution,  the  ten  being  divided  between  the  alkaline  and  the  add 
tubes  in  various  "drop-ratios." 

A  table  is  given  (table  7)  containing  all  the  necessary  data. 

The  method  is  based  on  a  study  of  the  nature  of  the  color  change  of  the  indi- 
cators with  change  of  hydrogen-ion  exponent  (pH).  For  all  the  indicators 
selected  the  following  equation,  which  comes  from  the  mass  action  law,  was 
found  to  hold  within  the  experimental  error  of  the  color  readings: 

pH  =  *  -f  log  (drop-ratio). 

The  indicators  studied  are  from  the  selection  of  Clark  and  Lubs;  and  the 
values  of  the  constant  k  of  the  equation,  good  to  about  0.1  at  25-30%  are  as 
follows:  bromphenol  blue,  4.1;  methyl  red,  5.0;  bromcresol  purple,  6.3;  brom- 
thymol  blue,  7.1;  phenol  red,  7.7;  cresol  red,  8.1;  and  thymol  blue  (alkaline 
range),  8.8. 

Soil  extracts  were  prepared,  water-dear,  by  the  use  of  colloidal  iron  solution. 
Measurement  of  the  hydrogen-ion  exponents  of  these  extracts  (from  nine  soils 
only)  gave  the  same  results  as  were  obtained  by  the  usual  methods.  Without 
further  study,  however,  such  use  of  coUoidal  iron  cannot  be  recommended  for 
general  use. 
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INTRODUCTION 

The  rate  of  decomposition  of  leguminous  crops  is  becoming  an  extremely 
important  practical  question  in  soil  fertility  and  crop  production.  The  rate 
of  nitrate  production  is  the  most  important  phase  of  this  subject,  bearing 
directly  upon  the  value  of  the  crop  for  soil  improvement  either  in  the  green 
or  in  the  cured  condition.  Two  methods  have  frequently  been  employed  for 
measuring  the  rate  of  decomposition  of  organic  materials  such  as  occwt  in 
nature.  One  consists  in  measuring  the  carbon  dioxide  production  at  various 
intervals;  the  other  is  concerned  with  the  determination  of  nitrate  nitrogeji 
at  various  periods.  This  latter  method  is  superior  in  most  cases,  as  it  is 
possible  to  determine  the  actual  amounts  of  nitrate  nitrogen  present,  the 
amount  used  by  the  crop,  and  that  lost  by  leaching.  It  furnishes  data  on  the 
nitrogen  requirements  of  the  plants  at  critical  periods.  The  importance  of 
the  element  nitrogen  and  the  changes  occurring  in  the  nitrogen  cycle  demand 
more  consideration  than  the  changes  occurring  in  the  carbon  cycle,  owing  to 
the  solubility,  expense  and  amount  of  the  element  nitrogen  required  for  crop 
growth.  There  has  been  no  method  developed  that  indicates  that  there  is 
a  true  ratio  between  the  amount  of  carbon  oxidized  and  the  amoimt  of  nitrogen 
oxidized.  That  such  a  ratio  may  exist  at  certain  times  for  some  crops  cannot 
be  denied,  but  the  fact  that  non-nitrogenous  materials  constitute  a  large  pro- 
portion of  most  of  the  materials  that  are  used  for  soil  enrichment  and  that 
the  ratio  of  carbon  to  nitrogen  is  constantly  changing  with  maturity,  is  sufficient 
evidence  to  indicate  clearly  the  wisdom  of  studying  the  nitrate  production  in 
preference  to  that  of  carbon  dioxide. 

Red  clover  and  sweet  clover  {MelUotus  alba)  are  seeded  in  small  grains, 
usually  in  the  winter  or  early  spring,  to  be  plowed  under  the  following  year, 
either  green  or  after  a  seed  crop  has  been  taken. 

It  will  be  evident  that  any  condition  which  may  be  found  or  that  can  be 
created  that  will  insure  ample  nitrate  nitrogen  from  a  leguminous  crop  plowed 
under  as  manure  for  the  succeeding  crop  of  that  year,  will  assist  materially 
in  increasing  crop  yields  and  in  eliminating  nitrogen  as  a  limiting  element. 
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Furthermore,  it  will  be  just  as  obvious  that  a  retarded  nitrate  nitrogen 
production,  which  fails  to  supply  nitrate  at  the  critical  periods  in  the  growth 
of  the  crops,  but  which  may  supply  large  amounts  later,  will  tend  to  result 
in  wasteful  losses  through  leaching,  and  not  infrequently  in  delayed  growth 
and  maturity  of  the  crop.  The  importance  of  controlling  the  rate  of  nitrate 
production  is  such  as  warrants  extended  study  of  this  subject 

This  paper  is  a  contribution  to  that  phase  of  the  subject  of  the  decomposition 
of  leguminous  crops  that  is  concerned  with  the  comparative  rate  of  decomposi- 
tion of  common  red  clover  tops,  when  employed  as  a  manure,  in  the  green 
and  in  the  cured  condition. 

HISTORICAL  r£sT7m£ 

Only  a  few  articles  have  been  found  in  the  literature  which  have  a  bearing 
upon  the  particular  phase  of  the  subject  under  study.*  Potter  and  Snyder 
(3)  studied,  in  one  case  only,  the  decomposition  of  green  clover  and  compared 
it  with  the  decomposition  of  some  dry  clover  in  another  experiment.  While 
a  direct  comparison  is  not  available,  their  results  indicate  a  more  rapid  pro- 
duction of  carbon  dioxide  in  soil  treated  with  the  green  clover  than  in  that 
treated  with  air-dried  finely-ground  clover.  This  work  is  in  accordance  with 
other  experiments  in  regard  to  the  rapid  initial  decomposition  that  takes 
place  with  green  manures.  No  study  was  made  of  the  nitrogen  in  the  materials 
and  therefore  the  work  is  not  of  assistance  in  estimating  the  comparative 
production  of  nitrates. 

Boltz  (1)  reported  two  experiments  in  which  green  clover  incorporated  with 
the  soil  was  compared  with  green  clover  allowed  to  remain  on  the  siuiace, 
and  found  more  decomposition  had  taken  place  with  the  clover  on  the  siuiace 
than  when  incorporated  with  the  soil.  This  experiment  furnishes  valuable 
information  in  connection  with  fall  plowing  of  crop  residues  compared  with 
leaving  them  on  the  surface.  It  is  rather  surprising  to  find  such  a  large  decom- 
position of  carbonaceous  material  with  no  apparent  loss  of  nitrogen.  The 
amount  of  carbon  represented  as  lost  with  no  nitrogen  loss  indicates  clearly 
a  decomposition  of  non-nitrogenous  constituents  of  the  material  or  only  a 
partial  transformation  of  the  nitrogen  contained.  If  the  experiments  had 
extended  through  the  period  of  most  active  decomposition  which  occurs 
usually  in  late  May  and  June,  no  doubt  entirely  diflFerent  results  would  have 
been  obtained.  It  suggests  the  desirability  of  more  investigation  along  this 
line. 

Hutchinson  and  Milligan  (2)  studied  the  decomposition  of  a  legume  crop 
in  the  green  condition,  and  after  dr3dng  for  24  and  48  hours,  in  connection 
with  the  rate  of  ammonia,  nitrite  and  nitrate  production.    This  work  is 

^  The  work  reported  in  this  publication  was  completed  in  1916  but  publication  was  delayed 
on  account  of  the  war.  An  article  published  by  J.  W.  White  (Soil  acidity  as  influenced  by 
green  manure.  In  Jour.  Agr.  Res.,  1918,  v.  13,  p.  171-197)  supports  the  data  herein  reported 
as  regards  the  rate  of  decomposition  of  green  and  air-dried  materials. 
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pertinent  to  the  data  presented  by  the  authors  of  the  present  article.  The 
legume  used  by  Hutchinson  and  Milligan  was  Crotalariajuncea  and  the  samples 
were  cut  from  plantings  four  weeks  old.  This  young  succulent  growth  pos- 
sessed a  moisture  content  of  452.1  per  cent  on  the  water-free  basis,  or  81.8 
per  cent  of  the  green  material.  The  results  in  table  1  are  taken  from  their 
bulletin. 

By  calculating  from  the  authors'  data,  it  will  be  found  that  the  total  inor- 
ganic nitrogen  transformed  was  68.1  per  cent,  57.3  per  cent,  and  47.1  per  cent, 
for  the  crop  buried  immediately,  that  buried  after  drying  for  24  hours,  and 

TABLE  1 
Effect  of  drying  green  crop  before  burial 


MxxKooxN  pn  100  OK.  son 

^ 

MmOOXN 

TUAraZNT* 

1 
week 

w4. 

wi. 

4 
weeks 

6 
weeks 

8 
weeks 

12 
weeks 

mm- 

mtm. 

mgrn- 

mtm- 

mtm- 

mgm. 

mtm. 

Ammonia 

6.9 

2.5 

1.0 

2.0 

1.0 

2.0 

2.0 

Buried  inunediately      < 

Nitrite 
Nitrate 

1.2 
3.1 

0.01 
6.9 

nil 
8.4 

ml 
8.9 

0.01 
9.4 

0.01 
9.8 
68.0%t 

0.02 

8.7 

Ammonia 

6.5 

3.5 

2.5 

3.5 

3.5 

3.5 

2.0 

Buried  after  drying  for 
24  hours 

Nitrite 
Nitrate 

1.1 
4.1 

0.02 
5.1 

0.02 
6.0 

nil 
6.9 

0.02 
6.9 

0.03 
6.9 

45.3% 

0.02 
6.5 

Ammonia 

5.4 

3.5 

4.0 

4.0 

2.5 

3.0 

2.5 

Buried  after  drying  48 

Nitrite 

0.05 

0.02 

0.03 

ml 

0.02 

0.03 

0.02 

hours 

Nitrate 

3.8 

5.1 

5.3 

S.3 

5.4 

6.1 
39.1% 

5.8 

*  12.8  mgm.  of  nitrogen  were  added  in  green  material  per  100  gm.  of  soil, 
t  Per  cent  nitrified  of  organic  nitrogen  added. 

that  buried  after  dr3dng  for  48  hours,  respectively.  When,  however,  the 
nitrate  alone  is  considered  the  differences  are  much  greater  in  favor  of  the 
"buried  immediately"  material.  The  production  of  ammonia  was  somewhat 
greater  with  the  treatments  which  had  partially  dried.  The  presence  of 
nitrite  for  the  first  seven  days  is  of  considerable  importance  to  note,  as  the 
amount  is  sufficiently  high  to  be  injurious  to  most  vegetation. 

Another  point  of  interest  that  appears  throughout  the  whole  work  of  these 
investigators  is  that  the  maximum  nitrate  production  was  found  to  occur 
at  the  eighth  week  from  the  time  of  burial. 
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EXPERDCENTAL  METHODS 

The  experiment  reported  in  this  paper  was  planned  with  the  object  of 
making  a  comparative  study  of  the  rate  of  decomposition  of  red  clover  tops, 
turned  under  green  and  cured  by  dr3ring,  all  other  conditions  and  factors 
being  the  same  in  both  cases.  The  rate  of  decomposition  was  studied  by 
experiments  conducted  in  both  the  laboratory  and  the  greenhouse.  The 
main  points  considered  were  the  transformation  of  the  nitrogenous  compounds, 
loss  of  carbon,  and  the  efifect  upon  growing  crops  planted  at  various  periods 
after  the  beginning  of  the  experiment. 

General  plan 

The  experiment  was  conducted  in  parallel  in  the  greenhouse  and  in  the 
laboratory.  Twelve  1-gallon  earthenware  jars  were  prepared  for  the  green- 
house experiment;  four  containing  the  soil  alone,  four  a  mixture  of  the  soil 
and  green  clover  tops,  and  four  a  mixtiure  of  the  soil  and  cured  clover  tops. 
Two  jars  of  each  treatment  were  selected  to  draw  samples  from,  for  the  ana- 
lytical work,  and  the  other  two  were  reserved  for  growing  oats.  In  order  to 
make  the  chemical  determinations  more  accurate,  it  was  necessary  to  make 
a  rather  heavy  application  of  organic  matter.  Consequently,  the  clover  was 
applied  at  the  rate  of  50  tons  of  green  manure  per  two  million  pounds  of  soil. 
In  the  laboratory  experiment  i-pint  jelly  glasses,  covered  with  tin  lids  in 
which  a  small  hole  had  been  punched,  were  used  for  containers.  Sixty  glasses 
were  prepared,  twenty  for  each  of  the  above  mentioned  treatments.  The 
applications  of  organic  matter  were  approximately  twice  as  much  as  in  the 
1-gallon  jars. 

The  additions  of  green  and  cured  clovers  were  in  equivalent  amounts;  that 
is,  the  loss  of  moisture  in  curing  was  determined  and  the  applications  were 
made  so  that  every  jar  received  the  same  amount  of  organic  matter.  At  the 
time  the  clover  was  mixed  with  the  soil,  the  cured-clover-soil  mixture  was 
moistened  with  sufficient  distilled  water  to  bring  it  to  the  same  moisture 
content  as  the  green,  thus  both  treatments  were  uniform  with  respect  to 
moisture  content. 

Materials  used  and  their  preparation 

The  soil  used  was  a  heavy  phase  of  brown  silt  loam.  The  clover  was  of 
a  late  fall  growth,  and  represented  both  young  and  old  plants,  some  which 
were  large  and  woody  with  dried-up  blossom  heads.  The  original  sample 
was  thoroughly  mixed  and  divided  into  two  portions  of  1500  gm.  each.  One 
portion  was  spread  out  thinly  on  a  sheet  of  cheesecloth  and  dried  for  three 
days  in  the  breeze  from  electric  fans.  In  the  three  days  of  curing  the  weight 
of  the  clover  decreased  to  441  gm.  The  other  portion  was  stored  in  shallow 
trays  in  a  refrigerator  at  a  temperature  a  few  degrees  above  the  freezing  point. 
The  green  clover  weighed  1504  gm.  when  removed  from  the  refrigerator. 
Both  lots  were  cut  into  pieces  of  approximately  i  inch  in  length. 
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Details  of  greenhouse  experiment 

Three  lots  of  soil  weighing  16  kgm.  each  were  placed  in  piles  on  the  green- 
house bench.  To  one  lot  was  added  720  gm.  of  the  chopped  green-clover 
tops;  to  the  second  211.6  gm.  of  chopped^  cured-clover  tops  and  508.4  gm. 
of  distilled  water.  The  added  materials  were  thoroughly  mixed  throughout 
the  whole  soil  mass.  To  the  third  lot  of  soil  no  addition  was  made,  but  it 
was  subjected  to  the  same  mechanical  treatment  as  in  the  other  cases.  Four 
1-gallon  jars  were  filled  with  each  mixture  and  four  with  soil  alone,  each  jar 
receiving  a  total  of  4000  gm. 

The  soil  used  was  obtained  directly  from  the  field  and  when  collected,  con- 
tained an  optimum  moisture  content;  consequently  no  water  was  added  except 
in  cases  where  a  deficiency  resulted  due  to  handling  or  where  rapid  evaporation 
from  the  green  clover  occurred.  The  total  weights  of  the  jars  were  recorded 
and  they  were  periodically  brought  up  to  the  original  weight  by  the  addition 
of  nitrogen-free  distilled  water.  The  original  moisture  content  was  lowered 
somewhat  as  decomposition  progressed,  because  of  the  larger  amount  of 
available  moisture  resulting  from  decreased  capacity  for  absorption.  The 
soil' in  these  jars  was  cultivated  and  thoroughly  stirred  after  each  sampling. 
On  the  third  day  after  starting  the  experiment  one  jar  of  each  treatment  was 
planted  with  16  selected  seeds  of  Silver  Plume  oats,  and  on  the  twenty-first 
day,  another  jar  of  each  .treatment  was  planted  with  20  selected  seeds  of  the 
same  variety. 

Details  of  laboratory  experiments 

In  each  of  the  sixty  jelly  glasses  was  placed  120  gm.  of  the  same  lot  of  soil 
as  that  used  in  the  greenhouse  experiment.  The  first  twenty  received  in 
addition  10  gm.  each  of  green-dover  tops,  which  had  been  chopped  as  previ- 
ously described.  To  the  next  twenty  glasses  were  added  in  a  similar  manner 
2.93  gm.  of  cured-dover  tops  and  7.1  gm.  of  distilled  water.  The  remaining 
twenty  glasses  served  as  checks.  The  glasses  were  all  weighed  and  whenever 
necessary  enough  water  was  added  to  restore  them  to  their  original  weight. 
They  were  cultivated  after  each  watering.  These  treatments  were  incubated 
at  room  temperature  in  the  laboratory.  In  order  to  test  the  effect  of  a  limited 
supply  of  oxygen  on  the  decomposition,  four  shaker  bottles  were  added  to 
the  experiment.  In  the  first  two  were  placed  120  gm.  of  soil  and  10  gm.  of 
green-dover  tops,  while  the  other  two  received  120  gm.  of  soil,  2.93  gm.  of 
cured-dover  tops  and  7. 1  gm.  of  distilled  water.  These  bottles  were  stoppered 
tightly  and  incubated  at  room  temperature  for  seven  months.  The  detaik 
of  the  experimental  plan  are  arran^d  in  table  2. 
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Sampling  and  analytical  methods 

In  sampling,  the  whole  of  the  contents  of  the  jars  in  the  greenhouse  was 
stirred  with  a  large  spatula  and  then  an  equal  weight  of  soil  was  taken  from 
each  of  two  jars  of  the  same  treatment.  The  soil  was  then  mixed  together^ 
making  a  composite  sample  of  the  same  treatment  from  two  jars.  In  the 
laboratory  the  total  contents  of  two  jelly  glasses  from  each  treatment  were 
mixed  in  the  same  manner  as  the  samples  from  the  jars.  Samples  were  taken 
in  this  manner  to  avoid,  as  much  as  possible,  individual  differences  among 
the  containers. 

Moisture  determinations  were  made  by  drying  in  the  electric  oven  at  llO^C. 
in  the  usual  manner.    Ammonia  nitrogen  was  determined  in  duplicate  on  all 

TABLE  2 
Details  cf  experimenUd  plan 

TOTAL 

MITSO- 

GXN 


BOO. 

CLOVER 

WATER 

MOIS- 
TURE 
PRESBMT 

CLOVER 
ADDED 

NITRO- 
GEN 
ADDED 

Materials  used  in  four  jars 


Greenhouse: 

Soil  and  green  clover. 
Soil  and  cured  clover . 
Soil  alone 


fM. 


16,000 
16,000 
16,000 


720.0 

211.6 

0 


0 
708.4 
508.0 


33.00 
33.00 
29.87 


p.pm. 

14,163 

14,163 

0 


497.1 

437.8 

0 


p,p,m, 

4,084 
4,036 
3,522 


Material  used  per  ^s 


Laboratory: 

Soil  and  green  clover . 
Soil  and  cured  clover . 
Soil  alone 


120 

10.0 

0 

33.25 

25,215 

885.6 

120 

2.93 

7.1 

33.25 

25,662 

792.0 

120 

0 

4.0 

30.38 

0 

0 

4,331 
4,236 
3,535 


of  the  samples  by  aeration  with  magnesium  oxide  at  room  temperature.  This 
method  was  first  developed  in  this  laboratory.  Since  this  work  was  completed, 
results  showing  the  value  of  magnesium  oxide  in  aeration  methods  for  ammo- 
nia determinations  in  soils  have  been  published  from  the  Ohio  Experiment 
Station  and  therefore  need  not  be  repeated  here. 

For  the  nitrate  determinations 

The  dried  soil  was  put  into  400-cc.  shaker  bottles  and  300  cc.  of  hydrochloric 
acid  (5  cc.  of  concentrated  add  in  a  liter)  were  added  to  each  bottle.  The 
bottles  were  then  shaken  20  minutes,  and  then  allowed  to  settle  over  night 
Two  hundred  cubic  centimeters  of  the  supernatant  liquid  were  removed  and 
placed  in  Kjeldahl  flasks.  Six  cubic  centimeters  of  potassium  hydroxide 
solution  (600  gm.  per  liter)  were  added  and  the  ammonia  expelled  by  boiling 
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almost  to  dryness.  One  gram  of  Devarda's  alloy  was  added  to  each  flask 
together  with  250  cc.  of  water.  The  distillation  was  carried  out  in  the  usual 
manner.    Rosolic  acid  was  used  as  the  indicator  in  titrating. 

The  total  nitrogen  and  total  carbon  were  determined  on  the  air-dried  samples 
by  the  Kjeldahl  and  sodium  peroxide  fusion  methods,  respectively.  Slight 
differences  were  found  between  the  nitrogen  content  of  the  green  and  cured 
clover  tops.  The  differences  were  not,  however,  suflScient  to  affect  the 
determinations.  The  slightly  lower  nitrogen  content  of  the  cured  clover  is 
unaccountable,  but  similar  results  have  been  observed  by  other  investigators. 

EXPERIMENTAL  RESULTS 

Table  3  shows  the  ammonia  and  nitrate  content  of  the  various  treatments 
at  different  periods  in  the  progress  of  the  greenhouse  experiment.  The  figures 
show  that  the  decomposition  of  both  kinds  of  clover  was  fairly  rapid.  The 
maximiun  ammonia  content  was  found  at  the  beginning  of  the  experiment. 
There  was  a  gradual  decrease  to  about  the  normal  production  for  the  brown 
silt  loam  soil.  There  was  not  the  slightest  indication  of  a  very  rapid  accumu- 
lation of  ammonia  in  the  early  days  of  the  experiment  such  as  has  been  foimd 
repeatedly  in  this  laboratory  with  green  alfalfa  or  dried  blood.  The  difference 
in  anmionia  production  between  fresh  and  cured  clover  is  not  such  as  to  indicate 
anything  of  value  regarding  the  rate  of  decomposition  of  the  two  materials. 
This,  of  course,  was  to  be  expected  in  a  soil  of  this  type.  Ammonification  is 
not  an  index  as  to  the  rate  of  decomposition.  The  production  of  nitrate  from 
the  fresh  clover  proceeded  rapidly  from  the  beginning,  and  continued  well 
in  the  lead  for  two  months  over  the  production  from  the  cured  clover.  On 
the  eighty-ninth  day  the  nitrate  content  of  the  two  treatments  was  practically 
the  same,  and  on  this  date  also  both  treatments  showed  a  maximum  increase 
in  nitrate  over  the  soil  alone.  The  proportion  of  the  original  nitrogen  added 
transformed  into  nitrate  for  the  fresh  clover  was  31.34  per  cent,  and  for  the 
cured,  34.35  per  cent. 

It  is  to  be  noted  that  the  important  differences  occurred  during  the  first 
eight  weeks.  This  more  rapid  decomposition  on  the  part  of  the  green  material 
is  an  important  consideration,  particularly  in  connection  with  a  crop  such  as 
com,  which  is  planted  after  the  plowing  under  of  a  green  manure  about  the 
first  of  May.  If  differences  of  this  kind  occur  between  fresh  and  cured  clover, 
such  as  that  used  in  the  experiment,  it  is  reasonable  to  assume  that  much 
greater  differences  would  occur  with  clover  which  had  been  subjected  to  longer 
curing.  Curing  appeared  to  have  a  retarding  effect  in  the  early  stages  of 
decomposition,  but  the  effect  was  not  noticeable  after  two  months. 

The  results  obtained  in  the  laboratory  are  shown  in  table  4.  The  largest 
content  of  anmionia  was  found  in  the  green-clover  treatment  at  10  days. 
Because  of  the  larger  amount  of  material  used  in  the  laboratory  experiment, 
a  much  greater  accumulation  of  ammonia  was  to  be  expected,  especially  with 


Digitized  by 


Google 


144 


ALBERT  L.  WHITING  AND  WAMLEN  R.  SCHOONOVER 


the  green  clover.  The  amount  found,  however,  is  only  about  9  per  cent  of 
the  nitrogen  applied  in  the  case  of  green  clover  and  less  than  3  per  cent  in  the 
case  of  cured  clover  at  10  days,  when  the  maxima  occurred.  At  10  days  the 
green  clover  was  still  higher  than  the  cured,  but  from  that  time  on  there  was 
little  difference  between  the  two  treatments.  The  results  of  the  nitrate 
determinations  are  much  more  striking  than  those  of  the  ammonia.  The 
green  clover  produced  nitrate  very  rapidly  with  a  maximum  transformation 
of  35.8  per  cent  of  nitrogen  added  after  43  days.  The  cured  clover  produced 
nitrate  more  slowly;  only  15.7  per  cent  of  the  nitrogen  applied  was  foimd  in 
the  form  of  nitrate  at  the  end  of  43  days. 

The  maximum  nitrate'  accumulation  for  the  cured  clover  occurred  at  152 
dsiys  when  24  per  cent  was  nitrified.    The  largest  actual  amoimt  of  nitrate 

'     TABLE  3 

Anmama  and  nitrale  nikogen  content  of  soil  trealments  <U  different  periods  in  greenhouse 

experiment 


NmOOZM  AS  PAKXS  PKR  MHUOH  of  WATKE-nSB  SCO. 

0 
days 

10 
days 

18 
days 

30 
days 

43 

days 

59 
days 

89 
days 

152 
days 

213 
days 

Ammoiiift 

Soil  and  green  clover 

Soil  and  cured  clover 

Soil  alone 

p.p.m. 

23. 9* 

27.8 

9.4 

p.p.m. 
21.7 

17.6 
9.6 

p.p.m. 

14.0 
7.5 
6.3* 

p.p.m. 

11.3 

3.9 

4.3 

p.p.m. 

15.6 

21.9 

8.6 

p.p.m. 

13.1 

9.6 

6.3 

p.p.m. 
4.6 
4.9 
3.1 

p.p.m. 
13.5 

13.8 

p.p.m. 
7.5 

8.6 
5.6 

Nitrate 

Soil  and  green  dovcr 

Soil  and  cured  clover. . . . 
Soil  alone 

10.2 

10.6 

9.4 

80.4 
56.1 
36.6 

101.1 
85.4 
32.8 

112.3 
83.1 
24.8 

102.5 
93.8 
24.9 

122.3 

103.9 

24.6 

197.8 

192.4 

42.0 

163.4 
84.4* 
43.5 

203.7 

178.4 

51  6 

*  Single  determination;  all  the  others  are  averages  of  duplicates. 

found  was  347.1  parts  per  million,  and  whenever  the  nitrate  approached  this 
amount,  a  drop  occurred  followed  by  another  approach  to  the  maximum. 
This  was  thought  to  be  due  to  a  sufficient  concentration  of  the  nitrate  to 
inhibit  biological  action,  but  upon  calculation  it  was  found  that  this  could 
not  be  a  factor,  and  it  appears  that  an  equilibrium  may  occur  between  protein 
formation  and  nitrification  when  the  maximum  is  reached.  This  equilibrium 
may  be  broken  by  protein  formation  exceeding  nitrification,  and  vice  versa. 
Total  nitrogen  determinations  gave  no  evidence  that  denitrification  was  taking 
place.  The  effect  of  curing  on  ammonification  was  of  no  importance,  but  a 
very  marked  effect  was  observed  on  nitrate  production.  This  effect  was 
much  greater  in  the  laboratory  experiment  than  in  the  greenhouse  experiment. 
Although  almost  the  same  maximum  percentage  of  nitrate  production  was 
found  from  both  the  fresh  and  the  cured  clover,  the  attainment  of  this  max- 
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imum  was  delayed  109  days  by  the  curing  in  the  laboratory  experiment 
Whether  the  difference  between  the  laboratory  and  the  greenhouse  experiments 
was  due  entirely  to  the  different  rates  of  application  of  the  clover  or  to  some 
Other  influences  cannot  be  told  from  the  data  at  hand.  It  is  evident  that 
both  methods  are  sufficient  to  indicate  the  direction  the  decomposition  takes, 
and  data  obtained  by  these  methods  are  perhaps  as  reliable  as  the  results 
obtained  under  iBeld  conditions.  The  data  do  not  indicate  that  the  kind  of 
decomposition  in  the  case  of  the  fresh  and  cured  material  was  essentially 
different.  The  per  cent  of  nitrogen  changed  to  nitrate  was  almost  the  same 
in  both  laboratory  and  greenhouse  methods.  This  per  cent  was  not  influenced 
by  the  curing  or  by  the  rate  of  application. 

TABLE  4 

Ammonia  and  nitrate  nitrogen  content  of  soil  treatments  at  different  periods  in  laboratory 

experiment 


MITEOGXN  AS  PASTS  PER  lOLLZOir  Of  WATXa-PRKX  SOIL 

nZATlONT 

0 

days 

10 
days 

18 
days 

30 
days 

43 
days 

59 
d9ys 

89 
days 

152 
days 

213 
days 

Ammonia 

Soil  and  green  clover 

Soil  and  cured  clover 

Soil  alone 

p.p,m. 

48.9 

36.1 

9.6 

p.p.m. 

89.6 

36.7 

S.l 

p.p.m, 

34.8 

20.0 

2.7 

p.p.m. 

13.5 

14.0 

8.1 

p.p.m. 

21.5 

20.0 

7.0 

p.pm. 

14.6 

17.8 

8.7 

p.p.m. 
3.2 
8.6 
5.8 

p.p.m. 

19.2 

19.1 

7.5 

P.PM. 
5.4 
8.4 
3.7 

Nitrate 

Soil  and  green  dover 

Soil  and  cured  clover. . . . 
Soil  alone 

10.0 

10.0 

9.4 

95.9 
71.2 
18.0* 

206.0 

114.4 

26.1 

269.6 

130.8 

24.5 

347.1 

154.7 

30.2 

338.9 

197.4 

49.2 

300.5 
266.8 

289.6 

332.9 

63.4 

326.7 

309.0 

66.0 

*  Sinc^e  determinations;  all  the  others  are  averages  of  duplicates. 

DecomposiUon  in  presence  of  a  limited  supply  of  oxygen 

The  senior  author  had  occasion  to  observe  a  very  acid  decomposition  of 
green  vetch  which  appeared  to  be  due  to  an  excess  of  moisture.  In  order  to 
test  the  possibility  of  clover  producing  the  same  kind  of  fermentation,  both 
green  and  cured  clover  were  subjected  to  conditions  of  a  limited  supply  of 
oxygen  by  incubation  in  stoppered  shaker  bottles  as  described  above.  The 
decomposition  under  these  conditions  was  found  to  be  widely  different.  In 
table  5  are  included  the  ammonia  and  nitrate  results. 

The  high  accumulation  of  ammonia  with  the  green  clover  is  sufficient  under 
normal  conditions  to  stop  nitrate  production  in  this  soil,  but  not  sufficient 
to  stop  nitrite  formation.  The  cured  clover  produced  a  large  amount  of 
nitrate  and  actually  consumed  in  so  doing  about  66  per  cent  of  the  available 
csygen.    The  green-dover  treatment  possessed  the  odor  typical  of  silage  and 
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was  extremely  acid.  It  should  be  observed  that  this  is  not  a  case  of  denitrifi- 
cation,  but  a  case  of  an  add  fermentation  in  which  the  initial  stages  of  ammoni- 
fication  were  not  inhibited.  It  suggested  that  an  acid  fermentation  may  result 
under  field  conditions  when  the  green  decomposing  material  is  in  any  way 
sealed  up  by  water  or  by  a  blanket  of  carbon  dioxide  in  the  soil.  Further 
work  will  be  conducted  along  these  lines,  as  it  appears  that  this  condition  is 
not  infrequently  met  with  in  wet  seasons,  and  is  a  probable  cause  of  injury 
to  crops  planted  after  plowing  under  heavy  growths  of  green  manures.  The 
stems  and  leaves  were  in  a  fair  state  of  preservation  after  7  months  in  these 
treatments,  while  under  more  open  conditions  only  small  portions  of  the 
woody  stems  were  foimd. 

TABLE  5 
Ammonia  and  nitrate  nitrogen  produced  by  green  and  cured  clover  with  a  limited  oxygen  supply 

Duration  213  days 


TKEATICENT 

NETftOGEN 

Ammooia 

Nitrate 

Soil  and  firreen  clover 

p.  p.m. 

224.9 
106.6 

p.p.m, 
6.0 

Soil  and  cured  clover . . , , 

97.2 

Loss  of  carbon 

The  loss  of  carbon  during  152  days  of  the  experiment  is  reported  in  table  6. 

While  there  is  a  relatively  large  error  in  the  total  carbon  determinations, 
nevertheless  these  results  show  distinct  decreases  in  the  carbon,  and  in  all 
cases  the  green  clover  lost  considerably  more  than  the  cured. 

TABLE  6 
Loss  of  carbon  during  152  days  of  decomposition 


TSSATlfENT 


Greenhouse: 

Soil  and  green  clover 
Soil  and  cured  clover 

Laboratory: 

Soil  and  green  clover 
Soil  and  cured  clover 


CARBON  LOST 


p.  p.m. 

2456 
2214 

8218 
5857 


Carbon  and  nitrogen  rdationships 

The  ratio  of  total  carbon  to  total  nitrogen,  and  the  ratio  of  carbon  lost  to 
nitrate  formed,  are  given  in  table  7  in  order  to  show  the  rapid  narrowing  that 
occurred  in  a  relatively  short  time,  and  to  further  point  out  the  fact  that  the 
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carbon-nitrogen  ratio  of  the  green-clover  treatment  narrowed  faster  than  that 
of  the  cured-clover  treatment.  The  ratio  loss  of  carbon  to  nitrate  formed 
was  much  greater  with  the  green-clover  treatment  than  with  the  cured-clover 
treatment.  These  ratios  represent  quite  accurately  the  relative  rates  of 
decomposition  of  the  two  materials  and  the  relative  rates  as  they  occurred  in 
the  two  experiments.  The  carbon-nitrogen  ratio  indicated  that  the  green 
clover  had  reached  a  more  advanced  stage  of  decomposition  than  the  cured 
clover. 

TABLE  7 
Carbon  and  nitrogen  rdationskips 


Greenhouse: 

Soil  and  green  dover. 

Soil  and  cured  dover, 
Laboratory: 

Soil  and  green  dover , 

Soil  and  cured  dover 


RATIO  OF  CARBON  TO 
NITROGEN 


RATIO  Of 

CARBON 

LOST 

TO    NRRATB 


Odaya 


CtoN 


12.4^1 
12.4^1 

12.8-1 
12.6-1 


152  days 


CtoN 


11.7-1 
11.8-1 

lO.S^l 

11.1-1 


CtoN 


12.5-1 
11.5-1 

23.6-1 
17.6-1 


Effect  of  decomposUion  of  green  and  cured  clover  on  oats 

One  jar  of  each  treatment  was  planted  with  Silver  Plume  oats  3  days  after 
the  experiment  was  started  and  21  days  after  starting,  a  second  planting  was 
made  in  three  other  jars.  The  oats  from  the  first  planting  were  up  after  4 
days.  Injury  in  the  germination  was  noticeable  where  the  organic  matter 
was  present  and  it  was  greater  with  the  green  clover.  Only  6  seeds  out  of 
16  germinated  at  all  and  these  very  poorly  where  the  green  clover  had  been 
applied,  while  10  germinated  where  the  cured  clover  was  applied  and  16  in 
the  soil  check.  For  about  two  weeks  the  plants  in  the  green-clover  treatment 
were  much  behind  those  in  the  other  treatments,  but  gradually  the  differences 
disappeared.  The  oats  were  germinated  at  a  time  when  the  temporary 
ammonia  acciunulation  from  the  green  clover  might  account  for  the  injuries 
observed.  No  injuries  were  observed  with  the  oats  planted  21  days  after  the 
Implications  were  made.  In  both  cases  at  the  close  of  the  experiment  the 
green  and  cured  treatments  were  ahead  of  the  checks. 
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DISCUSSION 

Hypothetical  redsans  far  differences  in  rate  of  decomposition  between  green  and 

cured  clover 

In  considering  the  greater  initial  rate  of  decomposition  exhibited  by  the 
green  clover  as  found  by  all  methods  used  to  study  the  decomposition,  it  did 
not  appear  that  there  were  any  indications  of  purely  chemical  changes  having 
occurred  in  the  clover  during  dehydration.  "EneyToic  action  as  a  factor  in 
affecting  the  cell  contents  is  not  an  impossibility,  but  the  temperature  at 
which  the  green  clover  was  held  during  the  dehydration  of  the  lot  with  which 
it  was  compared,  would  exclude  the  possibility  of  much  change  in  it,  while 
the  dehydration  process  with  the  other  lot  of  dover  would  require  the  action 
of  the  synthetic  tnzywic  processes  to  retard  its  rate  of  decomposition  by 
stabilizing  the  nitrogen  compoimds. 

The  explanation  that  seems  to  fit  the  results  found  is  based  on  a  physical 
hypothesis.  The  loss  of  water  is  of  course  accompanied  with  an  increase  in 
the  concentration  of  salts  in  the  cells.  This  brings  about  a  hardening  of  the 
cell  contents,  and  the  whole  material  becomes  more  homy  and  shriveled.  The 
diffusion  of  nitrogenous  substances  is  stopped  until  hydration  has  been  reestab- 
lished. The  colloidal  nature  of  the  ceU  contents  causes  them  to  become 
hydrated  slowly,  after  a  previous  dehydration.  Apparently  the  time  required 
to  bring  about  the  hydration  m  a  normal  soil  is  sufficiently  long  for  the  ammoni- 
fying bacteria  to  gain  headway  on  the  green  material,  and  consequently  to 
effect  a  much  greater  rate  of  decomposition  than  those  acting  on  the  dehy- 
drated material. 

CONCLUSIONS 

1.  The  comparative  rate  of  decomposition  of  green  and  of  cured  red  dover 
tops  was  studied  in  soiL  Curing  retarded  the  rate  of  decomposition  as  meas- 
ured by  ammonification,  nitrification  and  loss  of  carbon  in  both  laboratory 
and  greenhouse  experiments.  The  green  dover  produced  nitrate  very  rapidly, 
with  a  maximum  transformation  in  the  laboratory  experiment  at  43  days  of 
35.8  per  cent,  while  with  the  cured  dover  at  the  same  period  only  15.7  per 
cent  of  the  nitrogen  bad  been  transformed.  In  the  greenhouse  experiment 
the  green  dover  was  well  in  the  lead  in  nitrate  production  during  the  first 
two  months. 

2.  Green  and  cured  red  dover  underwent  the  same  kind  of  decomposition 
under  aerobic  conditions. 

3.  With  the  oxygen  supply  limited,  the  types  of  decomposition  of  green 
and  cured  red  dover  were  vastly  different. 

4.  There  was  no  measurable  loss  or  gain  of  nitrogen  during  the  experiment. 

5.  The  loss  of  carbon,  and  the  change  in  the  carbon-nitrogen  ratios  agreed 
with  the  other  determinations  in  showing  a  difference  in  rate  of  decomposition 
between  the  green  and  the  cured  dover,  but  did  not  indicate  a  difference  in 
kmd. 
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6.  The  change  which  dehydration  (curing)  brought  about  in  the  rate  of 
the  initial  decomposition  appears  to  be  of  a  physical  nature  only.  An  explan- 
atory hypothesis  is  that  dehydration  resulted  in  a  hardening  and  shriveling 
of  the  tissues  which  interferes  with  the  reentrance  of  water  and  consequently 
delays  the  decomposition  because  the  bacteria  must  await  the  softening  of  the 
tissues  before  they  are  able  to  start  their  work,  while  with  the  green  no  such 
delay  occurs,  as  the  cells  are  already  hydrated. 

7.  Planting  oats  3  days  after  treating  the  soil  with  green  and  cured  clover 
resulted  in  serious  injury  which  delayed  growth.  It  was  greater  with  the 
green  clover. 
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CONCERNING  THE  EFFECT  OF  HEAT  ON  THE  REACTION 
BETWEEN  LIME-WATER  AND  ACID  SOILS 

R.  H.  ROBINSON 

Oregon  Agriadkiral  Experiment  SUUion 

Recehred  for  paMlottioa  Jftnuary  8,  1920 

lime-water  (calcium  hydroxide)  added  to  so-called  ^^add  soils"  as  an  index 
of  the  lime  requirement,  has  been  generally  employed  by  analysts  since 
Veitch  (5)  outlined  his  method  in  1902.  Many  workers  throughout  the 
coimtry  consider  the  method  superior  to  any  other  as  an  indication  of  the 
total  lime  requirement  of  a  soil  and  advise  treatment  accordingly.  In  scien- 
tific investigations  of  soil  problems  pertaining  to  soil  acidity  and  general 
fertility,  the  method  is  often  used  to  show  various  changes  that  have  occurred. 
Whenever  a  new  method  for  soil  acidity  or  lime  requirement  has  been  sug- 
gested the  Veitch  lime-water  method  is  usually  taken  as  a  means  of  com- 
parison. A  similarity  of  results  is  often  considered  desirable.  In  view  of 
these  conditions  it  is  important  that  we  have  as  complete  a  knowledge  as 
possible  of  all  factors  that  would  influence  the  results  obtained  by  the  method 
in  question. 

During  the  course  of  an  investigation  pertaining  to  the  add  condition  of 
Oregon  soils  it  was  observed  that  the  lime  requirement  of  an  add  soil,  as  indi- 
cated by  the  Veitch  (S)  lime-water  method,  was  greater  after  treatment  with 
limestone  than  before  treatment  Since  the  first  determination  was  made 
on  a  hot-water  bath  while  the  later  one  was  carried  out  on  a  sand  bath  heated 
by  a  coil  of  steam  pipes,  it  was  thought  that  the  degree  of  heat  or  manner  of 
evaporation  might  be  an  important  controlling  factor  and  account  for  the 
inconsistent  results.  Accordingly,  a  study  was  made  to  ascertain  the  various 
conditions  that  affected  the  lime  requirement  as  shown  by  results  of  the 
lime-water  method. 

Five  add  soils,  widely  different  both  physically  and  chemically,  were  used 
in  the  investigation.  A  ph3^cal  classification  as  shown  by  a  mechanical 
anal3rsis  is  as  follows: 

No.  11076 Siltyloam 

No.  11077 Giavelly  loam 

No.  11078 Williamettc  sQty  loam 

No.  11079 day  loam 

No.  11080 Medium  sandy  loam 

The  soil  samples  were  air-dry,  and,  except  for  a  limited  amount  of  grinding 
with  a  rubber-tipped  pestle,  were  used  as  obtained  from  the  field. 
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In  all  determinations  of  the  lime  requirement  the  procedure  was  followed 
as  recommended  by  Veitch  (5).  The  quantity  of  soil  used  each  time  was 
10  gm.  Water  was  first  added  to  the  soil  to  make  the  final  amount  65  cc. 
after  the  standard  lime-water  was  added,  except  for  those  soils  having  an 
abnormally  high  requirement.  Evaporations  were  then  carried  on,  as  will  be 
described  later.  After  drying,  the  soils  were  taken  up  with  distilled  water 
and  transferred  to  250-cc.  centrifuge  bottles,  75  cc.  being  the  total  amount  of 
water  used.  The  botties  were  shaken  occasionally  during  3  hours  of  the 
afternoon  and  allowed  to  stand  over-night.  Instead  of  decanting  through 
filter  paper,  the  botdes  were  placed  into  a  centrifuge  and  whirled  at  the  rate 
of  about  2400  revolutions  per  minute  until  a  clear  solution  was  obtained. 
After  the  addition  of  phenolphthalein  indicator,  50  cc.  of  this  solution  was 

TABLE  1 
The  effects  of  heating  on  the  lime  requirements  of  a  soil  by  the  Veitch  method 


LDfSIXgUIKS* 

iCBNT  (CaCOi 
EOE  2,000^)00 

POUNDS  or 

AMOUNT 
TAKEN 

ICETHOD  OF  EVAPOK- 
ATION 

TBMPEBATtntE 

TOCE  rOK  EVAPOEATION 

SOIL) 

gm. 

•c. 

tt«. 

10 

On  steam  bath 

100 

l.Ohr 

2600 

10 

On  steam  bath 

90 

1.5  hr. 

2150 

10 

On  steam  bath 

70 

2.5hr. 

1500 

10 

On  steam  bath 

100 

1 .0  hr.,— left  10  min.  after  de- 
hydration 

3200 

10 

On  steam  bath 

100 

1 . 0  hr.,— lef 1 20  min.  after  de- 
hydration 

3400 

10 

In  vacuum  oven 

75 

About  20  hr. 

3900 

10 

In  vacuum  oven 

60 

About  8  hr. 

1700 

10 

In  vacuum  oven 

60 

About  10  hr. 

2150 

10 

On  hot  plate 

Low  heat 

2hr. 

4300 

10 

On  sand  bath 

110 

About  8  hr. 

4600 

then  boiled  until  the  appearance  of  the  pink  color,  or,  in  case  no  color  devel- 
oped, to  about  5  cc.  Care  was  taken  to  maintain  the  above  conditions  in 
order  that  the  ratio  of  soil  to  water  would  be  constant  in  all  determinations 
and  to  control  other  influencing  factors.  Control  determinations  were  run  to 
ascertain  any  alkalinity  that  might  develop  from  the  use  of  the  glass  apparatus. 
The  200  cc.  of  the  distilled  water  evaporated  down  to  5  cc.  in  the  Pjnrex  beakers 
used  gave  no  trace  of  alkalinity  to  phenolphthalein  indicator. 

Soil  11078  was  selected  for  a  detailed  study  pertaining  to  the  effect  of  heat 
during  the  process  of  determining  the  lime  requirement  by  the  Veitch  method* 
This  soil  type  gave  a  distinct  add  reaction  to  litmus  paper  and  had  a  Ume 
requirement  of  1  to  3  tons  per  2,000,000  pounds  of  soil,  depending  upon  the 
laboratory  method  used  for  the  determination.  It  does  not,  however,  re- 
spond to  lime  treatment,  as  indicated  by  crop  production.  Evaporations  of 
the  treated  soil  were  conducted  on  a  hot-water  bath  (called  steam  bath  by 
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Veitch)  at  different  temperatures  controlled  by  gas  burners;  on  a  sand  bath 
heated  by  steam  coil  pipes;  on  a  hot  plate  at  "low  heat"  connections;  and  in 
a  vacuimi  oven  at  various  degrees  of  temperature  controlled  by  gas  burners. 
Table  1  gives  the  lime  requirement  as  indicated  by  the  conditions  under 
observation.  The  results  are  reported  as  pounds  of  calcium  carbonate  per 
2,000,000  pounds  of  soil. 

These  results  show  a  wide  variation  in  the  lime  requirement  of  an  add 
soil,  depending  upon  the  manner  of  evaporation  after  treatment  with  standard 
calcium  hydroxide.  When  the  evaporation  was  conducted  on  the  steam  bath 
highest  results  were  obtained  at  a  temperature  of  lOO^C.  Any  decrease  in 
temperature  showed  a  corresponding  decrease  in  the  lime  requirement.  At 
a  temperature  of  70**  the  lime  requirement  was  1300  pounds,  while  at  100**  it 
was  2600  pounds,  or  100  per  cent  higher.  Furthermore,  if  the  treated  soil 
was  allowed  to  remain  on  the  steam  bath  20  minutes  after  evaporation  to 
dryness  was  completed,  the  lime  requirement  was  3400  pounds,  or  almost 
three  times  as  much  as  was  indicated  when  the  treated  soil  was  evaporated  at 
70°  and  removed  immediately  upon  drying.  The  results  just  dted  emphasize 
the  influence  of  heat  on  lime  requirement.  Also  when  evaporation  of  the 
treated  soils  were  conducted  in  the  vacuum  oven,  the  temperature  appeared 
to  be  a  controlling  factor.  At  60**  in  vacuo,  when  it  required  between  six  and 
seven  hours  to  complete  evaporation,  the  lime  requirement  was  1700  pounds. 
Any  increase  dther  in  temperature  or  time  permitted  to  remain  in  the  oven 
after  complete  dehydration  of  treated  soil  further  increased  the  lime  require- 
ment. These  results  show  that  heating  at  a  lower  temperature  than  100**, 
namely  at  60**  or  75°,  after  evaporation  has  been  completed,  also  influences 
the  results  similarly  to  those  obtained  on  the  steam  bath  where  the  soil  was 
allowed  to  remain  a  short  time  after  drying.  Attention  is  called  to  the  high 
lime  requirement  indicated  when  evaporation  was  conducted  on  the  sand 
bath.  The  temperature  of  the  sand  in  the  sand  bath  varied  from  70**,  on  the 
surface,  to  110**,  1.5  inches  below  the  surface  proximate  to  the  steam  coil. 
As  shown  in  the  table  it  required  about  8  hours  to  complete  evaporation. 
This  is  due,  probably,  to  the  small  amount  of  surface  of  the  dish  contiguous 
to  the  source  of  heat.  Care  was  not  taken  to  remove  dishes  on  the  sand  bath 
immediately  after  dehydration  and  the  dried  soil  may  have  been  heated  15 
minutes  or  more.  If  continued  heating  of  the  dried  soil  increases  the  amoimt 
of  caldum  hydroxide  taken  up,  these  higher  results  would  be  expected. 

No  difficulty  was  experienced  in  obtaining  consistent  results  for  each  deter- 
mination under  the  conditions  described.  Duplicate  determinations  gave 
very  dose  results,  provided  the  source  of  heat,  temperatiu-e  and  digestion  of 
the  treated  and  dried  soil  were  identical. 

The  other  soils  var3dng  particularly  in  their  physical  properties  and  degree 
of  addity  gave  similar  results  to  those  observed  above.  In  all  cases  the  soils 
were  removed  immediately  after  dehydration  in  order  to  avoid  excess  heating 
of  the  dried  soil.  Table  2  gives  the  Ume  requirement  of  these  soils  when 
evaporated  under  the  different  conditions  indicated. 
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All  of  the  soil  types  showed  a  wide  variation  in  the  Ume  requirement,  de- 
pending upon  the  manner  in  which  the  treated  soil  was  evaporated.  In  soil 
11079  we  note  a  difference  of  5500  pounds  between  two  methods  of  evapora- 
tion, while  in  soil  11080  there  is  a  difference  of  almost  10,000  pounds,  differ- 
ences of  this  magnitude  show  that  the  lime-water  method  does  not  sive  an 
accurate  index  of  the  actual  lime  requirement  of  an  add  soil. 

Examination  of  the  results  thus  far  reported  indicate  that  the  higher  the 
temperature  at  which  the  dry  portion  of  the  soil  is  subjected  during  the  time 
when  the  undried  portion  is  dehydrating,  the  higher  will  be  the  Ume  require- 
ment. The  reaction  that  occurs  during  the  evaporation  of  the  treated  soil  is 
apparently  influenced  by  the  temperature  at  which  the  dried  portion  of  the 

TABLE  2 
The  effect  of  heating  by  various  means  on  the  lime  requirement  of  soUs 


ICETHOD  or  EVAPOIATION 

roit  2,000,000  POUNDS 
or  son.) 

tm. 

lbs. 

11076 

10.0 

Steam  bath 

3,200 

11076 

10.0 

Sand  bath 

3,900 

11076 

10.0 

Hot  plate 

5,400 

11077 

10.0 

Steam  bath 

1,500 

11077 

10.0 

Sand  bath 

1,700 

11077 

10.0 

Hotplate 

2,400 

11079 

10.0 

Steam  bath 

10,000 

11079 

10.0 

Sand  bath 

12,000 

11079 

10.0 

Hotplate 

15,500 

11080 

10.0 

Steam  bath 

20,800 

11080 

10.0 

Sand  bath 

24,200 

11080 

10.0 

Hotplate 

30,000 

soil  is  subjected  during  the  process  of  evaporation.  It  is  improbable  that  the 
reaction  takes  place  in  the  undried  portion  of  the  soil  during  evaporation, 
although  abnormal  results  were  obtained  in  vacuo  at  60**,  which  is  a  very  low 
temperature  compared  with  the  actual  temperature  of  the  mixture  of  soil 
and  water  evaporating  on  a  hot-water  bath  at  100**.  It  has  been  observed 
that  some  soils  in  Oregon  have  a  higher  lime  requirement,  as  indicated  by  our 
laboratory  methods,  in  late  simmier  than  in  the  spring.  The  fact  that  heat- 
ing the  soil  even  at  low  temperatures,  as  in  vacuo  at  60**,  apparently  aflPects 
the  amount  of  lime-water  taken  up,  may  explain  the  cause  of  seasonal  changes 
in  the  lime  requirement. 

It  is  well  known  that  soils  undergo  chemical  changes  when  heated  even  at 
low  temperatures.  One  of  the  important  reactions  is  the  increase  in  the 
water-soluble  constituents.    Under  the  influence  of  heat  both  mineral  and 
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oiganic  constituents  of  the  soil  are  rendered  more  soluble.  Furthermore,  it 
has  been  found  that  the  soluble  material  increases  at  higher  temperatures 
In  the  presence  of  moisture  or  water  the  organic  material  is  still  further  trans- 
formed into  the  soluble  state.  Under  these  conditions,  therefore,  it  is  prob- 
able that  the  reaction  between  the  soluble  salts  and  calcium  hydroxide  would 
be  increased.  Also,  more  calcium  hydroxide  would  probably  be  absorbed  by 
a  soil  made  deficient  in  bases  by  increased  solubility  of  its  mineral  and  organic 
constituents.  Consequently,  imder  these  circumstances  a  soil  would  show  a 
higher  lime  requirement  by  the  lime-water  method,  depending  upon  chemical 
changes  caused  by  heating. 

Other  investigators  have  observed  several  factors  that  affect  the  lime 
requirement  of  the  soil  as  judged  by  the  Veitch  method.  Brown  and  John- 
son (1)  found  that  grinding  a  soil  decreased  its  apparent  acidity,  especially 
with  coarse  sandy  soils.  They  stated  that  grinding  to  a  .fine  powder  facili- 
tated solution  and  hydrolyzation  of  minerals  contained  in  the  soil,  giving 
increased  basicity.  This  was  in  accordance  with  the  view  held  by  the  Rogers 
Brothers  (4)  who  showed  that  many  of  the  common  minerals,  particularly 
the  zeolites  and  feldspars,  when  reduced  to  fine  powder  and  treated  with 
water,  gave  an  alkaline  reaction  with  phenolphthalein  indicator.  Conner  (2) 
foimd  that  keeping  soils  at  different  moisture  contents  alters  their  acidity. 
Noyes  (3)  reported  that  a  soil  containing  residual  limestone  gave  an  add 
reaction  to  the  Hopkins  method,  but  when  treated  with  water  and  evaporated 
on  a  steam  bath  it  gave  an  alkaline  reaction.  Veitch  (6)  in  a  critical  study  of 
his  lime-water  method,  noticed  that  two  of  the  soils  studied  were  more  acid 
when  the  treated  soil  was  dried  in  the  open  air  than  when  dried  on  the  steam 
bath.  He  stated  that  he  ''did  not  have  time  to  make  further  examination  of 
these  cases."  It  is  probable  that  the  soils  referred  to  by  Veitch  contained 
residual  limestone  similar  to  those  reported  by  Noyes,  since  they  were  more 
alkaline  after  being  heated  on  a  bath.  Soils  11076  and  11078  gave  a  very 
alkaline  reaction  when  several  small  particles  of  hard  limerock  were  added  and, 
after  treatment  with  water,  evaporated  on  the  steam  bath.  All  of  these 
observations  emphasize  the  fact  that  the  chemical  composition  and  physical 
properties  of  a  soil  have  a  specific  effect  on  the  amoimt  of  calcium  hydroxide 
necessary  to  satisfy  the  apparent  acidity  when  artifically  heated. 

In  a  critical  study  of  his  lune-water  method  Veitch  (6)  observed  that  when 
the  treated  and  dried  soil  was  allowed  to  remain  in  contact  with  water  for  48 
hours  or  more,  it  developed  the  pink  color  of  phenolphthalein  with  less  lime- 
water  than  if  allowed  to  remain  in  contact  16  hours  or  less.  The  wide  varia- 
tion in  the  chemical  composition  and  physical  properties  of  the  soils  used  in 
this  study  suggested  the  possibility  that  similar  results  might  not  be  obtained. 
Consequently,  it  was  thought  that  a  study  of  this  phase  of  the  subject  was 
worthy  of  consideration.  The  procedure  was  followed  as  outlined  for  the 
previous  experiments  but  instead  of  shaking  the  treated  and  dried  soil  with 
water  for  16  hours  it  was  also  allowed  to  remain  in  contact  for  40  hours. 
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Table  3  gives  the  amount  of  caldum  carbonate  equivalent  to  the  lime  require- 
ment of  the  soil  allowed  to  remain  in  contact  with  water  as  indicated. 

This  table  presents  some  very  interesting  results.  All  the  soils  showed  a 
reduced  lime  requirement  when  permitted  to  remain  in  contact  with  water 
for  longer  periods  of  time.  Furthermore,  each  showed  that  a  different  reac- 
tion had  occurred.  During  the  increased  time  for  digestion  soil  11076  in- 
creased in  basicity  so  that  the  lime  requirement  was  reduced  over  50  per  cent; 
soil  11080,  a  very  acid  type,  was  reduced  only  about  20  per  cent;  soil  11079, 
also  a  very  add  type,  was  reduced  almost  70  per  cent;  soil  11077  developed 
basidty  almost  to  actual  alkalinity  after  40  hours  and  when  the  natural  soil, 
untreated  with  lime-water,  was  allowed  to  remain  in  contact  with  distilled, 


TABLE  3 

Lime  requirement  of  soils  allowed  to  remain  in  contact  with  water  different  lengths  of  time 

MEIHOD  or  SVAPOSATION 

ma  uQunxmifT  (CaCOi 

roK  2,000,000  POUNDS 

OFsoa) 

hours 

lbs. 

11076 

Steam  bath 

16 

3,200 

11076 

Steam  bath 

40 

1,500 

11077 

Steam  bath 

16 

1,500 

11077 

Steam  bath 

40 

100 

11077 

Steam  bath 

64 

Alkaline 

11079 

Steam  bath 

16 

10,000 

11079 

Steam  bath 

40 

3,400 

11079 
11079 

Hot  plate 
Hot  plate 

16 
40 

15,500 
5,200 

11080 

Steam  bath 

16 

20,800 

11080 

Steam  bath 

40 

18,100 

carbon-dioxide-free  water  another  24  hours  or  a  total  of  64  hours  it  gave  an 
alkaline  reaction.  It  may  be  mentioned  at  this  time  that  this  soil  gives  a 
distinctly  acid  reaction  to  all  other  laboratory  methods,  both  qualitative  and 
quantitative,  for  the  determination  of  soil  acidity.  Veitch  explains  that  his 
development  of  basicity  may  be  due  to  the  slower  solubility  and  hydrolyza- 
tion  of  neutral  compounds  that  were  formed  by  the  lime-water  added,  or  to 
the  hydrolization  of  neutral  compoimds  already  in  the  soil.  If  the  peculiar 
action  of  soil  11077  can  be  explained  on  this  basis  it  is  evident  that  the  reac- 
tion between  the  soil  and  the  water  constituting  the  normal  moisture  content 
of  the  soil  is  different  from  the  reaction  between  the  soil  and  a  large  amount 
of  water  added,  for  in  no  case  has  the  soil  ever  shown  an  alkaline  reaction  as 
indicated  by  testing  a  water  extract  of  the  moist  soil  taken  from  the  field. 
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CONCLUSION 

Results  obtained  by  a  study  of  the  Veitch  lime-water  method  for  soil  acidity 
warrant  the  following  conclusions: 

1.  The  lime  requirement  of  a  soil  as  shown  by  the  lime-water  method  indi- 
cates a  reaction  that  takes  place  under  the  conditions  performed,  and  the 
results  will  be  affected  by  any  variation  of  the  following  factors: 

a.  The  ph)^cal  or  chemical  properties  of  the  soil. 

b.  Probably  by  the  ratio  of  amoimt  of  soil  to  quantity  of  solutions  to 

be  evaporated. 

c.  The  temperature  at  which  evaporation  is  made. 

d.  Continued  heating  after  the  soil  has  been  dehydrated. 

e.  The  length  of  'time  during  which  treated  and  dried  soil  remains  in 

contact  with  water. 
/.  The  source  of  heat,  namely,  steam  bath,  sand  bath,  hot  plate,  etc. 

2.  Results  will  be  comparative  when  the  lime-water  method  is  used  if  the 
determinations  are  conducted  in  exactly  the  same  manner. 

3.  The  data  presented  above  emphasize  the  necessity  of  controlling  all  in- 
fluencing factors  if  the  lime-water  method  is  used  to  observe  changes  in  a 
soil  by  comparison  of  results  obtained  at  different  times. 
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Mechanical  analysis  has  been  used  as  a  basis  for  the  classification  of  soils 
for  several  years.  This  method  of  classification  is  not  altogether  satisfac- 
tory  in  many  respects,  but  it  is  the  only  method  so  far  devised  which  gives 
comparable  results  by  routine  methods. 

Moisture  equivalent  is  defined  as  the  maximimi  percentage  of  moisture 
which  a  soil  can  retain  in  opposition  to  a  centrifugal  force  equal  to  1000  times 
the  force  of  gravity.  The  objects  of  the  present  investigation  were  to  deter- 
mine whether  or  not  the  moisture  equivalent  could  be  used  as  a  basis  to  assist 
in  the  classification  of  soils,  and  what  relation,  if  any,  existed  between  the 
moisture  equivalent  and  the  mechanical  analysis. 

The  moisture-equivalent  determinations  were  made  according  to  the  method 
of  Briggs  and  McLane  (1),  on  samples  of  soil  received  by  the  Division  of 
Physical  Investigations  from  the  Division  of  Soil  Survey  for  mechanical 
analysis. 

The  apparatus  for  the  determination  consists  of  a  metal  cylinder  attached 
to  the  shaft  of  a  vertically  mounted  electric  motor.  The  motor  is  provided 
with  a  governor  which  keeps  the  speed  within  the  desired  limits,  a  speed  of 
2440  revolutions  per  minute  being  necessary  for  a  centrifugal  force  equal  to 
1000  times  the  force  of  gravity.  The  cylinder  holds  16  soil  boxes  which  have 
wire  gauze  bottoms  permitting  the  escape  of  the  excess  moisture.  The  gauze 
bottoms  are  covered  with  filter  paper  to  prevent  the  loss  of  soil  particles,  and 
then  the  soil  is  placed  in  the  boxes,  a  sufficient  amount  of  soil  being  taken  to 
give  a  packed  layer  approximately  1  cm.  thick.  Duplicate  determinations  are 
made,  the  duplicate  samples  being  placed  opposite  to  one  another  in  the 
cylinder.  The  samples,  after  being  placed  in  the  boxes,  are  thoroughly 
moistened  and  allowed  to  stand  in  a  saturated  atmosphere  for  24  hours,  a 
little  more  water  is  added,  and  they  are  placed  in  the  cylinder  of  the  machine. 
The  machine  is  run  for  forty  minutes  at  the  desired  speed,  the  samples  are 
removed,  and  a  moisture  determination  made  upon  each  one.  The  per- 
centage of  moisture,  based  upon  the  weight  of  the  dry  soil,  is  the  moisture 
equivalent.  A  total  of  172  duplicate  determinations  were  made  on  samples 
from  counties  in  various  states  as  follows: 
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La  SaUe,  La / 26 

Ilony,  S.  C , 19 

Morgan,  Ala 20 

Waupaca,  Wis 17 

Bertie,  N.  C 12 

Brawley,  Cal 9 

El  Centro,  Cal 9 

Newberry,  S.  C 2 

WiUits,  Cal 3 

Bannock,  Ida 1 

Kent,  Del 1 

Fort  Laramie,  Wyo 2 

Lubbock,  Tex. 5 

Adair,  Iowa 4 

Cheyenne,  Nebr 23 

Braxton  and  Clay,  W.  Va. 2 

Chenango,  N.  Y 5 

Aroostook,  Me 17 

Total 172 


In  order  to  determine  whether  or  not  the  moisture  equivalent  could  be  used 
as  a  basis  of  classification,  the  determinations  were  divided  into  classes  as 
determined  by  their  mechanical  analysis.  The  results  of  this  grouping  are 
shown  in  table  1.    The  mean  value  of  the  determinations  in  each  class  shows 

TABLE  1 
Moishure  equivdUiU  of  sails  grouped  according  to  soil  dasstficoHon 


2 

3 

7 

3 

9 

47 

9 

24 

19 

20 

12 

17 


Coarse  sand. . . . . 

Sand 

Fine  sand. 

Very  fine  sand. . . 

Sandy  loam 

Fine  sandy  loam 

Sandy  clay 

Loam 

sat  loam 

Clay  loam 

Silty  clay  loam. . 
Clay 


MdlTaU  BQUIVAlKirT 


\ftnlimim   14f  *^'**11*''*  McUl 


2.15 

3.00 

6.65 

9.70 

8.95 

9.75 

15.55 

15.40 

18.25 

16.35 

19.80 

20.85 


7.80 
6.55 
11.36 
12.85 
14.80 
25.25 
34.25 
29.15 
41.25 
32.90 
29.90 
40.20 


4.98 
4.77 
8.50 
10.75 
12.88 
16.56 
22.76 
22.29 
26.75 
22.29 
26.90 
29.25 


a  gradual  increase,  on  the  whole,  from  class  to  dass,  with  the  notable  excep- 
tion of  silt  loam,  but  the  minimiun  and  maximum  determinations  show  con- 
siderable variation  and  overlapping  among  the  various  classes.  From  the 
results  shown  in  this  table  it  is  readily  seen  to  be  impossible  to  base  a  classi- 
fication upon  the  moisture  equivalent  which  would  be  in  agreement  with  the 
present  classification.  However,  it  shows  the  value  winch  the  moisture 
equivalent  may  have  in  the  interpretation  of  the  mechanical  anal)rsis. 
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Since  there  was  no  correlation  between  the  classification  of  soil  and  the 
moisture  equivalent,  there  remained  to  be  determined  whether  any  relation 
existed  between  the  moisture  equivalent  and  the  mechanical  anal3^is.  Briggs 
and  McLane,  in  their  work  with  the  Bureau  of  Soils  (2),  determined  that 
such  a  relation  existed,  but  in  their  work  the  moisture  retentiveness  of  the 
soil  under  a  centrifugal  force  of  3000  times  gravity  was  taken  as  the  moisture 
equivalent  and  the  efiFect  of  the  organic  matter  in  the  soil  was  included,  so 
the  formulae  derived  by  them  were  not  applicable  to  the  present  work. 

Briggs  and  Shantz  (3)  have  derived  a  formula  for  calculating  the  moisture 
equivalent  from  the  mechanical  anal3^s  which  is  as  follows: 

Moisture  equivalent  =  0.02  sand  +  0.22  silt  +  1.05  clay  (1) 

This  formula  was  applied  to  several  of  the  samples  under  consideration  and 
found  to  give  results  which  were  considerably  higher  than  the  observed  values, 
due  no  doubt  to  the  high  coefficient  for  the  clay. 

In  order  to  determine  whether  a  more  satisfactory  equation  could  be  derived, 
an  observation  equation  for  each  of  the  172  samples  considered  was  made  up 
in  the  following  form:  x  (per  cent  of  sand)  +  y  (per  cent  of  silt)  +  z  (per  cent 
of  clay)  »  moisture  equivalent  (as  determined  by  observation).  These 
equations  were  then  examined  by  the  method  of  least  squares  (4)  and  the 
values  of  the  three  unknown  coefficients  x,  y,  and  s,  which  would  most  nearly 
satisfy  the  172  observed  equations,  were  determined,  as  follows:  x  =  0.0627; 
y  =  0.2912;  z  =*  0.4257.  These  values  substituted  in  the  above  equation 
give  the  equation 

0.063  sand  +  0.291  sUt  +  0.426  clay  -  ilf  (2) 

where  M  represents  moisture  equivalent. 

The  determinations  were  then  divided  into  three  groups,  and  in  a  like 
manner  an  equation  was  derived  for  each  group. 

Group  A.    Soils  containing  less  than  20  per  cent  silt  and  clay: 

0.02  sand  +  0.40  sUt  +  0.53  clay  «  M  (3) 

This  equation  was  based  on  15  observations. 
Group  B.    Soils  containing  20  to  50  per  cent  silt  and  clay: 

0.02  sand  +  0.35  sUt  +  0.63  clay  «  M  (4) 

This  equation  was  based  on  65  observations. 
Group  C.    Soils  containing  more  than  50  per  cent  silt  and  clay.: 

0.11  sand  +  0.27  sUt  +  0.40  clay  «  ilf  (5) 

This  equation  was  based  on  92  observations. 

Groups  B  and  C  were  further  subdivided  into  their  respective  classes  and 
an  equation  derived  for  each  class.  Group  A  was  omitted  on  account  of  the 
small  number  of  observations  in  each  class. 
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Sandy  loam 9  obs.  0.05  sand +  0.26  silt +  0.44  day  »  M  (  6) 

Fine  sandy  loam 47  obs.  0.04  sand +  0.36  silt  +  0.43  day  «  Jf  (7) 

Sandy  clay 9  obs.  0. 12  sand  +  0.58  sUt  +  0.83  day  -if  (8) 

Loam 24 obs.  0.31  sand  +  0. 19  silt  +  0.09  day  -  Jf  (9) 

Silt  loam 19  obs.  0.36  sand  +  0.26  silt  +  0. 15  day  «  M  (10) 

Clay  loam 

(a)  Surface 5  obs.  0.04 sand +  0.19  sUt +  0.57cUy  -  Jf  (11) 

(b)  SubsoU 15  obs.  0.22  sand  +  0.34  sUt  +  0.03  day  »  Jf  (12) 

Silty  day  loam..... 12  obs.  0.18  sand +  0.065  8at  + 0.80  clay  -  Jf  (13) 

Clay 17 obs.  O.OOsand  +  0.11  silt  +  0.55 clay  -  Jf  (14) 

In  order  to  determine  the  value  of  these  equations,  36  samples  of  soil  were 
taken  at  random,  the  only  considerations  being  that  each  class  should  be 
represented,  and  that  they  should  be  distributed  as  widely  as  possible.  Two 
of  these  samples  were  later  rejected,  one  because  of  the  very  high  content  of 
organic  matter  and  the  other  because  it  puddled  in  the  centrifuge,  giving  an 
unsatisfactory  determination  of  the  moisture  equivalent. 

The  moisture  equivalent  was  determined  for  each  of  the  34  samples  and 
compared  with  the  moisture  equivalent  as  calculated  by  each  of  four  different 
formulae.  The  results  are  shown  in  table  2.  The  distribution  of  the 
samples  was  as  follows: 

Black  Hawk,  Iowa 10 

Beaufort,  N.  C 6 

Mahoning,  Ohio 6 

Canadian,  Okla 7 

Yamhill,  Ore 2 

Marlboro,  S.  C 2 

Brawley,  Calif 1 

Total 54 

The  results  shown  in  this  table  indicate  that  equation  (2)  gives  values  for 
the  moisture  equivalent  which  on  the  average  more  nearly  approximate  the 
observed  values  than  any  of  the  others.  Equations  (3),  (4),  and  (5)  give 
practically  the  same  results.  Equation  (3)  is  to  be  preferred  to  equation  (2) 
for  the  soils  of  Group  A,  as  equation  (2)  tends  to  give  high  results  in  this 
particular  group.  In  the  other  two  groups  there  seems  to  be  little  difference, 
but  equation  (2)  is  probably  to  be  preferred  on  account  of  the  greater  ease  of 
manipulation. 

For  the  rapid  calculation  of  the  moisture  equivalent  by  means  of  equation 
(2)  a  logarithmic  chart  was  prepared  (fig.  1).  The  products  of  the  percentages 
of  sand,  silt,  and  clay  multiplied  by  their  respective  coefficients  may  be  read 
directly  from  the  chart  as  illustrated  in  the  example,  then  the  sum  of  the  three 
terms  is  the  calculated  moisture  equivalent.  This  chart  gives  results  which 
are  in  as  close  agreement  as  those  obtained  by  the  use  of  an  ordinary  slide 
rule  and  for  the  purpose  of  rapid  calculation  is  more  convenient. 
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Equations  (6)  to  (14)  give  results  at  slightly  wider  variance,  which  seems 
to  be  an  anomaly  as  an  equation  which  is  derived  for  a  particular  class  of  soil 
should  evidently  give  a  more  accurate  result  than  one  which  embodies  all 
classes.  However,  because  of  the  smaller  number  of  observations  considered 
in  the  derivation  of  these  equations  the  relation  existing  between  the  sand, 
silt  and  clay,  and  the  moisture  retentiveness  is  not  established  as  closely  as 


Fig.  1.    LoGASiTHiac  Chart  pok  the  Calculation  of  Moistuse  Equivalent. 

in  the  case  where  a  larger  number  of  observations  are  considered.  This 
indicates  also  that  the  relation  existing  is  practically  constant  in  all  classes  of 
soils — differences,  if  any,  being  due  to  the  presence  of  organic  matter,  varia- 
tions in  the  amount  of  the  different  grades  of  sand,  and  other  factors  which 
are  not  taken  into  consideration  in  the  application  of  the  equations. 

In  order  to  determine  the  effect  of  a  large  amount  of  organic  matter  upon 
the  moisture  equivalent  and  to  determine  the  relative  value  of  the  above 
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equations  for  soils  of  this  character,  determinations  were  made  on  30  samples 
of  soil  from  Traill  County,  North  Dakota,  practically  all  of  which  were  high 
in  organic  matter. 

TABLE  3 
Observed  moisture  equivalent  compared  mih  calculated  moisture  equivalent^  showing  effect  of 

organic  maUer 


351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 
351 


701 
702 
703 
704 
705 
713 
714 
715 
716 
717 
718 
724 
725 
729 
730 
747 
748 
749 
750 
751 
752 
753 
754 
755 
756 
757 
758 
759 
760 
761 


DBSCRIPnON 


Fine  sandy  loam. 

Loam 

Loam 

Fine  sandy  loam. 

Coarse  sand 

Silt  loam 

Silt  loam 

Fine  sandy  loam. 

Clay 

Fine  sandy  loam. 
Fine  sandy  loam. 
Fine  sandy  loam. 

Sandy  loam 

Loam 

Clay  loam 

Clay  loam 

Fine  sandy  loam. 
Fine  sandy  loam. 

Clay  loam 

Fine  sandy  loam. 
Fine  sandy  loam. 

Loam 

Fine  sand 

Fine  sand 

Clay  loam 

Clay  loam , 

Fine  sandy  loam. 

Sandy  day 

Loam 

Clay  loam 


OBSERVED 

MOZSTUKE 

BQUIVA' 

LENT 


27.00 
23.85 
23.45 
17.55 

4.90 
33.55 
29.40 
25.60 
37.55 
15.05 
25.75 
26.80 
26.35 
33.80 
27.90 
30.65 
37.45 
32.85 
27.30 
22.35 
18.90 
27.50 
12.70 

8.35 
34.45 
36.00 
28.65 
21.50 
38.20 
29.50 


CAI£TJIATED  ICOISTUXZ  BQUIVALXirr 


EquatioD 
2 


17.15 
23.24 
22.67 
12.97 

5.01 
26.89 
27.35 
18.40 
28.84 
11.26 
18.90 
20.36 
17.26 
22.96 
22.25 
25.72 
19.99 
17.52 
23.16 
13.63 
13.47 
22.85 
11.32 

9.93 
24.03 
24.39 
16.45 
22.71 
21.26 
26.37 


Probable  enor  of  a  single  detennination. 


Differ- 
ence 


-  9.85 

-  0.61 

-  0.78 

-  4.58 
0.11 

-  6.66 

-  2.05 

-  7.10 

-  8.71 

-  3.79 

-  6.85 

-  6.44 

-  9.09 
-10.84 

-  5.65 

-  4.93 
-17.46 
-15.33 

-  4.14 

-  8.72 

-  5.43 

-  4.65 
■  1.38 

1.58 
-10.42 
■11.61 
■12.20 

1.21 
■16.94 

-  3.13 


±  5.65 


Equa- 

tiODB 

3, 4,  and  5 


17.67 
21.13 
22.24 
13.27 
5.01 
25.23 
24.37 
19.51 
28.41 
10.79 
19.26 
22.70 
21.20 
21.78 
23.11 
25.64 
21.62 
19.47 
23.56 
13.32 
13.27 
23.31 
9.69 
7.49 
24.32 
24.54 
17.83 
28.99 
22.14 
26.41 


Differ- 
ence 


-  9.33 

-  2.72 

-  1.21 

-  4.28 
0.11 

-  8.32 

-  5.03 

-  6.09 

-  9.14 

-  4.26 

-  6.49 

-  4.10 

-  5.15 
-12.02 

-  4.79 

-  5.01 
-15.83 
-13.38 

-  3.74 

-  9.03 

-  5.63 

-  4.19 

-  3.01 

-  0.86 
-10.13 
-11.46 
-10.82 

7.49 
-16.06 

-  3.09 


=b  5.44 


Equation 


18.23 
25.52 
23.67 
15.17 

6.02 
28.75 
28.43 
21.07 
53.36 
11.48 
18.55 
26.69 
27.44 
25.67 
31.62 
39.39 
23.79 
22.03 
31.69 
14.01 
15.76 
30.68 
11.46 

9.39 
34.55 
36.40 
20.51 
43.72 
28.01 
40.67 


Differ. 


-  8.77 
1.67 
0.22 

-  2.38 
1.12 

-  4.80 

-  0.97 

-  4.53 
15.81 

-  3.57 

-  7.20 

-  0.11 
1.09 

-  8.13 
3.72 
8.74 

-13.66 

-10.82 

4.39 

-  8.34 

-  3.14 
3.18 

-  1.24 
1.04 
0.10 
0.40 

-  8.14 
22.22 

-10.19 
11.17 


=b  5.32 


Briggs  and  McLane  (2)  determined  that  organic  matter  has  practically  the 
same  effect  as  an  equal  amount  of  clay  in  increasing  the  moisture  equivalent. 
This  fact  is  borne  out  in  the  results  of  the  determinations  as  shown  in  table  3. 
In  nearly  every  case  the  observed  was  higher  than  the  calculated  value.  The 
results  also  indicate  that  with  soils  of  this  character  the  indirect  determi- 
nation is  not  as  reliable  as  with  ordinary  soils,  the  probable  error  of  a  single 
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detennination  being  approidmately  twice  as  great.  It  is  interesting  to  note 
in  this  connection  that  equation  (1),  which  gives  results  at  widest  variance,  as 
shown  in  table  2,  gave  better  results  with  soils  of  this  character  and  had  the 
least  probable  error.  The  similarity  of  the  results  of  equation  (2)  and  equa- 
tions (3),  (4),  and  (5)  are  borne  out  also,  the  latter  in  this  case  having  a  slight 
advantage. 

SUMMARY 

The  moisture  equivalent  may  not  be  used  as  a  basis  for  the  classification  of 
soils,  but  may  be  of  valuable  assistance  in  the  interpretation  of  the  mechan- 
ical analysis. 

There  is  a  direct  relationship  between  the  miosture  equivalent  and  the 
percentages  of  sand,  silt,  and  clay  in  the  soil  as  determined  by  mechanical 
analysis.    This  relation  may  be  expressed  as 

0.063  sand  +  0.291  silt  +  0.426  clay  =  moisture  equivalent 

The  presence  of  considerable  amounts  of  organic  matter  in  the  soil  tends 
to  increase  the  moisture  equivalent  and  to  disturb  the  relation  between  the 
moisture  equivalent  and  the  mechanical  analysis. 
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HOW  SHALL  WE  BEST  USE 
SULPHATE  OF  AMMONIA 


Sulphate  of  Ammonia  is  the  most  important  carrier  of 
nitrogen  in  American  agriculture.  The  possibilities  of  its  use 
in  mixed  fertilizers  and  as  a  nitrogenous  top  dressing  are  only- 
beginning  to  be  realized.  The  production  has  doubled  in  the 
last  five  years  through  new  by-product  ovens,  yet  one-half  of  the 
possible  production  from  the  coke  now  made  is  wasted  every 
year  due  to  the  use  of  old  beehive  coke  ovens.  The  by-product 
ovens  will  replace  the  beehive  ovens  as  the  demand  for  by- 
products warrant  such  changes. 

In  every  state  where  commercial  fertilizers  are  used,  or 
appear  likely  to  be  needed,  questions  as  to  the  best  methods 
of  using  Sulphate  of  Ammonia  in  agronomy,  olericulture,  and 
horticulture,  will  be  asked.  In  most  cases  the  best  answers 
cannot  be  given  without  experiment  and  investigation.  Fre- 
quently tests  extending  over  a  term  of  years  are  deemed 
advisable.  The  sooner  such  work  is  put  under  way,  the  sooner 
helpful  local  data  will  be  available.  There  are  also  many 
problems  lying  more  in  the  region  of  research  that  require 
solution  and  invite  the  consideration  of  agricultural  scientists 
and  students. 
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For  reliable  information  write 
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DIRECTOR 
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Thermometers  of  every  description;  Chemically  Pure  Acids  and  Ammonia, 
Molybdic  Acid  and  Molybdate  of  Ammonia;  Merck*s,  Baker  &  Adamson*s  an4 
J.  T.  Baker  Chemical  Co.*s  Chemicals  and  Reagents;  Caustic  Potash  and  Soda, 
purified  in  sticks  and  pure  by  alcohol;  Acetate  of  Lead,  Cyanide  Mixture, 
Soda  Ash  and  Commercial  Caustic  Soda 
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Bailey-Walker  Extraction  Apparatus 

with  modified  Condenser 

This  efficient  and  very  popular 
apparatus  is  identical  with  that  de- 
scribed in  the  Journal  of  Industrial 
and  Engineering  Chemistry,  June, 
1914,  except  that  it  is  now  equipped 
with  a  modified  form  of  metallic 
condenser  having  a  large  condens- 
ing surface,  which  has  proven  en- 
tirely satisfactory  when  used  with 
ether,  even  in  the  warmest  climate. 

The  apparatus  is  compact — 
seven  of  them  can  easily  be  accom- 
modated on  an  electric  hot  plate 
24  X  4i''.  If  this  type  of  plate 
is  used,  it  should  be  fitted  with 
three  heats,  the  high  heat  so  ar- 
ranged that  it  will  not  ignite  ether 

-*-see  Eimer  &  Amend  No.  3895. 

• 

ADVANTAGES 

1.  An  Inexpensive,  durable  and  efficient  condenser,  which  may  be  adapted  to 

practically  any  form  of  continuous  extraction  apparatus. 

2.  The  elimination  of  all  rubber,  corks,  ground  glass  or  mercury  seal  con- 

nections. 

3.  Extractions  may  be  safely  run  over  night,  since  there  is  practically  no  dan- 

ger of  breakage  due  to  change  in  water  pressure. 

4.  The  flask  is  light  enough  to  be  accurately  weighed;  it  is  easily  cleaned,  and 

of  such  form  that  all  of  the  extract  can  be  transferred. 

Bailey-Walker  Extraction  Apparatus,  consisting  of  Glass  Flask,  Metal 

Condenser  and  Glass  Syphon $4.50 

EIMER  &  AMEND 

FOUNDED  1851 

Headquarters  for  Industrial  and  Educational  Laboratory  Supplies 

NEW  YORK,  N.  Y.  ^^P  PITTSBURGH,  PA. 

Third  Ave.,  ISth  to  19th  Streets  ^^P^  2011  Jackson  Arcade 
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WHAT   DOES  Ph   mean? 

The  symbol  Ph  is  an  index  of  the  acidity  or  basicity — ^in  other 
words,  of  the  concentration  of  the  hydrogen  ions — ^in  a  solution. 
The  frequent  occurrence  of  references  to  this  inq>ortant  quantity 
in  current  scientific  literature  is  an  index  of  its  growing  importance 
in  the  chemical  and  biological  sciences. 

Since  hydrogen  ion  concentration  of  culture  media,  body  fluids 
and  of  other  solutions  has  great  significance,  it  is  important  that 
its  value  be  accurately  measurable. 

Color,  turbidity,  light  conditions,  or  the  formation  of  pre- 
cipitates should  not  interfere  with  the  measurement.  The  result 
should  be  actual  oddity,  unmodified  by  a  titrating  solution.  The 
means  for  making  the  measurement  should  be  capable  of  quick 
and  simple  operation. 


THE  TYPE  K  POTENTIOMETER  OUTFIT 

fully  meets  these  demands.  It  does  more — it  has  additional 
features  which  make  it  invaluable  in  the  up-to-date  research  or 
•  control  laboratory.  It  measures  the  entire  range  of  acidity,  from 
Ph  =  0  to  Ph  =  14.  The  accuracy  is  better  than  .01  Ph.  and 
this  is  limited  only  by  the  reproducibility  of  experimental  con- 
ditions in  the  medium. 

Our  circular  70  C  with  its  supplement  701  gives  interesting 
information  about  the  Type  K  equipment.  These  together  with 
a  bibliography  of  articles  on  electrometric  hydrogen  ion  determi- 
nations, we  shall  gladly  send  you  upon  request. 

LEEDS  &   NORTHRUP  COMPANY 

ELECTRICAL  MEASURING  INSTRUMENTS 
4901  STENTON  AVE.  PHILADELPHIA,  PA. 
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COMMERCIAL 
FERTILIZER 

Official  Organ  of  the  Southern  Fertilizer 
Aeeociation 

The  authorized  and  universally  circulat- 
ed spokesman  of  the  fertilizer  industry 
in  the  section  of  the  United  States  which 
consumes  more  than  80  per  cent  of  all 
"complete"  fertilizers. 

A  monthly  journal  devoted  exclusively  to  the 
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^^      Restores  and  Maintains  Soil  Fertility 
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THE  INFLUENCE  OF  SAND  UPON  THE  CONCENTRATION  AND 
REACTION  OF  A  NUTRIENT  SOLUTION  FOR  PLANTS 

JOHN  w.  smvE 

Laboratory  of  Plant  Physiology,  New  Jersey  Agricultural  Experiment  Station 
Received  for  publication  Janoaiy  19,  1920 

Finely  divided  solid  substances  of  a  certain  character  presenting  large 
surfaces  appear  to  have  the  power  of  removing  salts  from  solution  by  con- 
centrating the  solute  at  the  surface  of  the  solid  material.  It  has  thus  been 
shown  that  soils  not  only  have  the  power  to  adsorb  salts  as  such  from  solution 
but  that  this  adsorption  may  become  selective  in  character  in  that  one  kind 
of  ion  may  be  removed  from  solution  at  a  more  rapid  rate  than  another  kind. 

Parker  (6)  has  measured  the  adsorbing  power  of  soils  and  has  shown  that 
the  concentration  of  salts  may  be  altered  in  contact  with  the  soil  particles. 
He  states  that  a  mineral  fertilizer  applied  to  the  soil  and  dissolved  in  the  soil 
solution  is  adsorbed  either  as  a  whole  or  selectively  from  the  solution  by  the 
great  surface  presented  by  the  finely  divided  soil  particles,  and  is  held  there 
until  the  plant  or  subsequent  leaching  removes  it.  McCall  (5)  grew  wheat 
in  sand  cultures  and  found  the  responses  of  the  plants  to  the  nutrient  solutions 
in  the  sand  to  be  different  from  those  of  similar  wheat  plants  grown  in  water 
cultures  in  which  the  same  solutions  were  employed.  This  author  suggests 
that  the  salt  proportions  and  total  concentrations  of  the  nutrient  solutions 
may  have  been  altered  in  contact  with  the  sand  particles  and  concludes  that 
differential  adsorption  played  an  important  r61e  in  bringing  about  the  observed 
physiological  differences.  Jennings  (3)  found  that  the  introduction  of  quartz, 
ferric  hydroxide,  and  alimiinum  hydroxide  into  nutrient  solutions  resulted  in 
decreased  growth  of  wheat  seedlings,  and  from  this  concludes  that  these  sub- 
stances by  their  adsorptive  properties  reduced  the  effective  concentrations  of 
the  nutrient  solutions.  On  the  other  hand,  Toole  and  Tottingham  (9) ,  growing 
barley  and  pea  pldJits  for  21  days  in  Knop's  nutrient  solution  to  which  had 
been  added  separately  ferric  hydrate,  silicic  acid,  and  carbon  black,  found  no 
dear  evidence  of  the  adsorption  of  nutrient  ions  from  the  solutions,  although 
their  results  are  based  upon  careful  chemical  analyses  of  the  treated  solutions 
as  well  as  upon  the  effect  of  the  added  solids  on  the  growth  of  the  plants  either 
directly  of  indirectly.  In  a  study  of  the  effect  of  ammonium  sulfate  in  nutrient 
solutions  upon  the  growth  of  plants  with  sand  as  the  solid  substratum  to  which 
the  solutions  were  added,  Wolkoff  (10)  pointed  out  that  the  concentration 
values  of  the  solutions  obtained  by  suction  from  the  sand  in  the  culture  pots 
at  different  times  during  the  growth  period  did  not  vary  considerably  from 
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those  of  the  original  solutions.  This  author  concluded  that  adsorption  did 
not  modify  the  concentrations  of  the  solutions  to  such  an  extent  as  to  produce 
even  a  slight  influence  upon  plant  growth. 

In  the  study  of  the  salt  requirements  of  plants  in  sand  cultures  it  is,  of  course, 
desirable  to  maintain  approximate  control  of  the  salt  proportions  and  the 
effective  concentration  of  the  nutrient  solution  applied  to  the  sand.  This 
is  one  of  the  chief  reasons  for  resorting  to  sand  cultures  in  investigations  of 
this  kind,  since  agricultural  soils,  when  employed  as  substrata,  alwa3rs  present 
chemical  and  biological  complications  which  render  adequate  control  of  these 
important  factors  exceedingly  difficult,  if  not  impossible.  It  is  generally 
considered  that  sand  cultures  present  somewhat  similar  physical  environmental 
conditions  to  those  found  in  soil  cultures,  but  plants  grown  in  sand  cultures 
are  relatively  free  from  the  biological  complications  such  as  are  introduced 
when  agricultural  soils  are  used. 

It  is  possible  that  nutrient  solutions  supplied  to  sand  in  pot  cultures  may 
suffer  not  only  a  reduction  in  total  concentration  but  also  a  change  in  the 
relative  proportions  of  the  constituent  salts  and  ions  as  a  result  of  contact 
with  the  solid  sand  particles  through  the  adsorptive  action  of  the  solid  medium. 
However,  if  ions  or  salts  as  a  whole  are  thus  removed  from  solution  in  sufficient 
quantities  to  alter  the  growth  rates  of  the  plants  materially,  it  should  be  pos- 
sible to  detect  the  change  in  total  concentration  of  the  solution.  A  change  in 
the  reaction  of  the  solution  might  also  be  expected  when  salts  are  removed 
from  solution  in  quantities  sufficient  to  affect  the  growth  rates  of  the  plants, 
since  it  is  not  probable  that  the  salts  or  ions  would  be  adsorbed  in  tlie  same 
proportions  in  which  they  occurred  in  the  solution. 

The  purpose  of  the  experiments  described  in  the  following  pages  was  to 
study  Uie  influence  of  washed  sand  of  several  degrees  of  fineness,  and  also  of 
very  fine  unwashed  sand,  upon  the  effective  concentration  and  reaction  of  a 
nutrient  solution  diffused  as  films  on  the  solid  sand  particles,  when  the  cultures 
were  subjected  to  the  treatment  experienced  in  the  usual  course  of  sand  culture 
work  with  frequent  renewal  of  solutions,  but  in  the  absence  of  plants — since 
contact  with  the  roots  of  actively  growing  plants  may  change  the  reaction  of 
a  nutrient  solution  very  (haterially,  especially  if  the  contact  is  long  continued. 

METHODS  OF  INVESTIGATION 

White  seashore  sand  was  used  throughout  these  experiments.  For  the 
first  washing  the  sand  was  placed  in  a  graniteware  tub,  a  little  more  than  half 
filling  the  latter.  A  stream  of  tap  water  from  a  hose  was  directed  into  the 
sand,  which  was  kept  constantly  agitated,  until  the  surplus  water  overflowing 
the  sides  of  the  tub  was  clear  and  entirely  free  from  sediment.  The  tap  water 
was  then  drained  off  and  the  tub  nearly  filled  with  distilled  water  in  which 
the  sand  was  thoroughly  washed.  The  wash  water  was  drained  off  and  the 
process  once  repeated.  The  washed  sand  was  spread  on  large  sheets  of  paper 
and  allowed  to  become  air-dry. 
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The  air-dry  sand  was  passed  through  sieves  and  four  grades  with  respect 
to  sizes  of  the  particles  were  obtained.  The  sizes  of  the  particles  of  the  four 
different  grades  obtained  by  this  mechanical  separation  were  approximately 
as  follows:  very  coarse  sand,  1.5  to  1  nmi.;  coarse  sand,  1  to  0.5  nmi.;  medium 
sand,  0.5  to  0.32  nmi.;  and  fine  sand,  0.32  to  0.25  nun.  The  water-retaining 
capacity  of  these  four  grades  of  sand  determined  according  to  the  method 
described  by  Hilgard  (2),  and  the  values  referred  to  the  dry  weight  of  the 
sand  were,  respectively,  26.8  per  cent,  30.2  per  cent,  32.4  per  cent,  and  37.6 
per  cent.  These  values  represent  the  averages  of  four  determinations  for 
each  grade. 

Twelve  hundred  grams  of  air-dry  sand  of  each  of  the  four  grades  were 
weighed  into  1-liter  stoneware  pots  impervious  to  moisture,  three  pots  to 
each  grade  of  sand.  The  sand  in  each  pot  was  then  flooded  with  a  nutrient 
solution  for  plants  (solution  RtCt  of  Shive's  (7)  3-salt  series)  of  the  following 
composition:  KH«P04,  O.OI8O01.;  Ca(NOs)si  0.0052m.;  and  MgS04,  0.0150m. 
The  excess  solution  was  drawn  off  through  a  glass  tube  extending  through  the 
sand  to  the  bottom  of  the  pot,  the  lower  opening  of  the  tube  being  screened 
by  a  plug  of  glass  wool  which  served  as  a  filter.  A  sufficient  amount  of  solu- 
tion was  thus  drawn  off  to  leave  the  moisture  content  of  the  sand  at  60  per 
cent  of  its  water-retaining  capacity  in  every  case.  Evaporation  from  the 
surface  of  the  sand  was  prevented  by  placing  the  pots  under  small  bell  jars 
which  were  then  sealed. 

These  cultures  received  subsequent  treatment  similar  to  that  accorded  to 
sand  cultures  with  growing  plants  in  the  usual  course  of  sand  culture  work, 
with  renewal  of  solutions  by  the  McCall  (4)  method  at  intervals  throughout 
the  experimental  period.  During  the  first  interval  the  cultures  were  allowed 
to  stand  for  24  hours.  At  the  end  of  this  period  as  much  as  possible  of  the 
old  solution  was  extracted,  after  which  each  culture  was  flooded  with  250  cc. 
of  new  solution,  the  excess  of  which  was  again  drawn  off  leaving  the  sand  with 
its  original  moisture  content.  This  process  was  repeated  at  intervals  of  3, 
5,  and  10  days,  the  total  experimental  time  covering  a  period  of  19  days.  The 
old  solutions  extracted  from  the  cultures  at  the  end  of  each  interval  were 
carefully  tested  for  freezing-point  lowerings  and  for  hydrogen-ipn  concentra- 
tions. These  results  were  compared  with  those  of  similar  tests  of  the  original 
solution  made  at  the  beginning  of  each  interval. 

The  freezing-point  depressions  of  the  solutions  were  determined  by  the  use 
of  the  Beckmann  apparatus  and  from  these  the  total  osmotic  concentration 
values  in  atmospheres  were  calcidated  after  the  proper  corrections  were  made 
for  the  undercooling  of  the  solutions.  The  hydrogen-ion  concentration  of 
the  solutions  was  determined  by  the  colorimetric  method  following  the  work 
of  Clark  and  liubs  (1)  as  a  guide  in  the  preparation  of  the  standard  buffer  solu- 
tions and  in  the  general  methods  of  procedure.  Methyl  red  was  found  to  be 
a  satisfactory  indicator  for  the  solutions  here  tested. 
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RESULTS  WITH  WASHED  SAND 

Table  1  presents  the  experimental  results  obtained  with  the  four  difiFerent 
grades  of  washed  sand.  Corresponding  data  for  very  fine  unwashed  sand 
containing  relatively  large  amounts  of  colloidal  or  semi-colloidal  material 
will  be  given  in  another  table. 

In  table  1  are  given  the  hydrogen-ion  concentrations  (expressed  as  pH 
values)  of  the  nutrient  solutions  both  before  and  after  having  been  diffused 
as  films  over  the  solid  sand  particles.  The  freezing-point  depressions,  cor- 
rected for  undercooling,  and  the  corresponding  derived  osmotic  concentration 
values  for  25°C.  (measured  in  atmospheres)  are  given.  The  last  colimin  of 
the  table  shows  the  plus  or  minus  per  cent  deviations  from  the  osmotic  con- 
centration values  of  the  original  solution.  The  table  is  divided  into  four 
horizontal  sections,  each  of  which  presents  the  complete  data  obtained  with 
a  single  grade  of  sand. 

It  will  be  observed  that  the  solutions  extracted  from  the  different  grades 
of  sand  at  the  end  of  each  time  interval  all  show  very  close  agreement  with 
each  other  and  with  the  original  solution  with  respect  to  the  pH  values.  The 
pH  value  of  the  original  solution  was  4.7  in  all  cases  while  the  average  pH 
values  of  the  extracted  solutions  ranged  between  4.7  and  4.8,  representing 
hydrogen-ion  concentrations  not  higher  than  0.200  X  10~*  (pH  4.7)  nor  lower 
than  0.159  X  10-*  (pH  4.8).  Three  of  the  average  pH  values  of  the  extracted 
solutions  are  equal  to  that  of  the  original  solution.  These  three  are  shown 
for  the  sblutions  extracted  from  the  very  coarse  sand  at  the  end  of  the  10-day 
interval,  and  for  those  from  the  medium  sand  at  the  end  of  the  24-hour  and 
10-day  intervals.  All  the  other  average  pH  values  are  slightly  above  that 
of  the  original  solution.    None  is  lower  than  that  of  the  original  solution. 

The  fact  that  nearly  all  the  average  pH  values  are  slightly  above  and  none 
below  that  of  the  original  solution  might  be  regarded  as  indicating  a  slight 
reaction  change  of  the  nutrient  solution  resulting  from  contact  with  the  solid 
sand  particles.  However,  the  very  small  deviations  of  the  average  pH  values 
from  that  of  the  original  solution,  and  the  correspondingly  slight  reaction 
changes  of  the  nutrient  solution  represented  by  them  must  be  regarded  as 
being  without  significance  when  considered  in  connection  with  any  influence 
which  they  might  have  upon  the  growth  rates  of  plants. 

The  average  total  concentration  values  (in  atmospheres)  of  the  solutions 
extracted  from  the  different  grades  of  sand,  like  the  pH  values  of  these  solutions 
show  very  close  agreement  with  the  corresponding  values  of  the  original 
solution.  The  highest  total  concentration  value  (average  of  three  tests)  was 
1.80  atmospheres,  representing  a  deviation  of  2.86  per  cent  above  that  of  the 
original  solution.  This  is  shown  for  the  solutions  extracted  from  the  very 
coarse  sand  at  the  end  of  the  24-hour  interval.  The  lowest  average  concentra- 
tion value  was  1.74  atmospheres,  which  is  1.14  per  cent  below  that  shown  for 
the  original  solution.    This  was  the  average  concentration  for  the  solutions 
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TABLE  1 

Data  for  a  nutrient  solution  before  applying  to  and  after  extracting  from  washed  sand  of  several 

degrees  of  fineness 
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S^ 

hio^ 

TnOE  SOLUTION 

8 

S      * 

11 

S|gg 

DESCRIPTION  OP  SAND 

REMAINED  IN 
CONTACT 

CULTURE 

|i 

PLUS  OR  MINUS  ] 
TIONPROMCO 
TRATION  VAL 
ORIGINAL  SOL 

WITHOUT  R£- 

i^ 

2 

li 

pH* 

•c. 

aim. 

pfoni 

1 

4.7 

0.133 

1.75 

0.00 

24  hours    < 

2 

4.8 

0.138 

1.81 

+3.43 

3 

4.8 

0.139 

1.83 

+4.57 

Average 

4.77 

0.137 

1.80 

+2.86 

1 

4.8 

0.133 

1.75 

0.00 

3  days 

2 

4.8 

0.135 

1.77 

+1.14 

3 

4.8 

0.133 

1.75 

0.00 

Average 

4.8 

0.134 

1.76 

+0.57 

1 

4.8 

0.134 

1.76 

+0.57 

to  1.0  mm. 

5  days 

2 

4.7 

0.136 

1.78 

+1.71 

3 

4.8 

0.132 

1.74 

-0.57 

Average 

4.77 

0.134 

1.76 

+0.57 

1 

4.7 

0.133 

1.75 

0.00 

10  days      < 

2 

4.7 

0.132 

1.74 

-0.57 

3 

4.7 

0.134 

1.76 

+0.57 

Average 

4.7 

0.133 

1.75 

0.00 

Original 

solution 

4.7 

0.133 

1.75 

4 

4.7 

0.131 

1.72 

-1.71 

24  hours 

5 
6 

4.8 

4.7 

0.135 
0.140 

1.77 
1.84 

+1.14 
+5.14 

Average 

4.73 

0.135 

1.78 

+1.71 

4 

4.8 

0.140 

1.84 

+5.14 

3  days        i 

5 

4.7 

0.130 

1.71 

-2.29 

6 

4.8 

0.132 

1.74 

-0.57 

Average 

4.77 

0.134 

1.76 

+0.57 

Coarse   sand,    1.0   to 

4 

4.7 

0.133 

1.75 

0.00 

5  days 

5 
6 

4.7 
4.8 

0.135 
0.133 

1.77 
1.75 

+1.14 
0.00 

Average 

4.73 

0.134 

1.76 

+0.57 

f 

4 

4.8 

0.136 

1.78 

+1.71 

10  days 

5 

4.7 

0.137 

1.80 

+2.86 

6 

4.8 

0.134 

1.76 

+0.57 

Average 
Original 

4.77 

0.136 

1.78 

+1.71 

solution 

4.7 

0.133 

1.75 
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DX8CSIPTI0N  OF  BAIO) 


Medium  sand,  0.5  to 
0.32  mm. 


Fine    sand,    0.32    to 
0.25  mm. 


TDCE  SOLUTION 
RKKAIMXD  Df 
CONTACT 
WITH  SAND 
WRHOin  KE- 
NZWAL 


24  hours  ^ 


3  days 


5  days 


10  days  < 


24  hours 


3  days 


5  days 


10  days 


CULTDB.B 
NmCfiBB 


7 

8 
9 
Average 

7 
8 
9 
Average 

7 
8 
9 
Average 

7 
8 
9 
Average 

Original 
solution 

10 
11 
12 
Average 

10 
11 
Average 

10 
11 
12 
Average 

10 
12 
Average 

Original 
solution 


PH* 
4.7 
4.7 
4.7 
4.7 

4.8 
4.8 
4.7 
4.77 

4.8 
4.7 
4.7 
4.73 

4.7 
4.7 
4.7 
4.7 


4.7 

4.7 
4.8 
4.8 
4.77 

4.7 
4.8 
4.75 

4.8 
4.8 
4.8 
4.8 

4.7 
4.8 
4.75 


4.7 


•c. 

0.135 
0.144 
0.133 
0.137 

0.133 
0.131 
0.133 
0.132 

0.135 
0.135 
0.133 
0.134 

0.134 
0.130 
0.133 
0.112 


0.134 

0.135 
0.135 
0.131 
0.134 

0.132 
0.133 
0.133 

0.134 
0.134 
0.133 
0.134 

0.134 
0.136 
0.135 


0.133 


II 


1.77 
1.89 
1.75 
1.80 

1.75 
1.72 
1.75 
1.74 

1.77 
1.77 
1.75 
1.76 

1.76 
1.71 
1.75 
1.74 


1.76 

1.77 
1.77 
1.72 
1.76 

1.74 
1.75 
1.75 

1.76 
1.76 
1.75 
1.76 

1.76 
1.76 
1.77 


1.75 


pcrctni 
+0.57 
+7.39 
-0.57 
+2.27 

-0.57 
-2.27 
-0.57 
-1.14 

+0.57 

+0.57 

-0.57 

0.00 

0.00 
-2.84 
-0.57 
-1.14 


+1.14 
+1.14 
-1.71 
+0.57 

-0.57 
0.00 
O.OO 

+0.57 

+0.57 

0.00 

+0.57 

+0.57 
+1.71 
+1.14 


♦  The  term  pH  is  given  to  the  number  representing  the  logarithm  of  the  hydrogen-ion 
concentration  taken  as  a  positive  value. 
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extracted  from  the  medium  sand  at  the  end  of  the  3-day  and  10-day  intervals. 
AU  but  five  of  the  average  concentration  values  represent  plus  deviations  from 
the  concentration  of  the  original  solution  and  only  two  represent  minus  devia- 
tions. There  is  no  regularity  in  the  manner  in  which  these  deviations  occur 
and  all  are  very  small  so  that  no  significance  can  be  attached  to  them,  especially 
when  considered  in  relation  to  the  relatively  low  sensitiveness  of  ordinary 
plants  to  slight  variations  in  the  total  salt  concentrations  of  the  medimn  in 
which  they  are  grown.  Thus,  with  the  nutrient  solution  here  employed,  with 
sand  of  different  degrees  of  fineness,  washed  free  from  colloidal  or  semi-col- 
loidal material,  there  is  no  clear  evidence  of  the  adsorption  of  salts  or  ions  in 
suflScient  amounts  to  alter  materially  the  hydrogen-ion  concentration  of  the 
nutrient  solution  or  to  reduce  its  effective  total  concentration  measurably. 
This  is  in  accord  with  the  restilts  of  previous  work  (8)  with  washed  sand,  in 
which  it  was  found  that  the  ph3rsiological  properties  of  nutrient  solutions  as 
these  affected  the  growth  rates  of  buckwheat  plants  were  not  materially  altered 
as  the  result  of  direct  contact  with  the  solid  sand  particles. 

RESULTS  WITH  UNWASHED  SAND 

The  unwashed  sand  here  employed  was  taken  from  the  same  supply  of 
white  seashore  sand  as  was  the  washed  sand  used  in  the  preceding  experiments. 
The  coarser  particles  of  the  sand  were  mechanically  separated  from  the  finer 
by  means  of  a  sieve  which  permitted  only  particles  with  diameters  less  than 
0.25  mm.  to  pass,  the  coarser  sand  being  discarded.  This  very  fine  sand 
contained  relatively  large  quantities  of  colloidal  or  semi-colloidal  material, 
as  is  indicated  by  the  fact  that  when  100  gm.  of  the  sand  were  shaken  with 
250  cc.  of  distilled  water  for  one  minute  and  then  allowed  to  settle  for  30 
minutes,  100  cc.  of  the  supernatant  liquid  contained  0.260  gm.  of  suspended 
solid  material,  and  traces  of  the  suspended  material  were  still  present  in  the 
supernatant  liquid  at  the  end  of  a  week.  The  water-retaining  capacity  of 
this  fine  sand  was  39.87  per  cent  of  the  dry  weight  of  the  sand. 

The  methods  used  with  this  fine  unwashed  sand  were  identical  with  those: 
adopted  in  the  preceding  experiments  with  washed  sand.  The  nutrient  solu- 
tion added  to  the  sand  was  the  same  in  composition  and  total  concentration 
as  that  previously  employed  and  this  was  renewed  at  intervals  of  24  hours, 
2  days,  4  days,  and  3  days,  covering  a  total  experimental  period  of  10  days. 

As  before,  1200  gm.  of  sand  were  used  with  each  culture.  The  series  con- 
sisted of  four  cultures  which  received  similar  treatment,  and  fifth,  control 
culture,  to  which  distilled  water  was  applied  instead  of  the  nutrient  solution, 
in  all  other  respects  receiving  the  same  treatment  as  the  other  cultures.  The 
control  culture  was  included  in  the  series  in  order  to  determine  to  what  extent 
the  freezing  point  might  be  depressed  and  the  total  concentration  of  the  nutri- 
ent solution  correspondingly  increased  by  soluble  substances  in  the  sand.  In 
this  it  is  assumed,  of  course,  that  the  efficiency  of  the  nutrient  solution  as  a 
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TABLE  2 
Data  for  nutrient  solution  before  applying  to  and  after  extracting  from  very  fine  unwashed  sand 


TIKE  80LX7110N  REICAIHED 
IN  CONTACT  WITH  SAND 
WITHOUT  mZNXWAL 


24  hours 


2dayB 


4dayB 


ddayi 


CULTUKZ  NXTHBER 


1 

2 
3 
4 
Average 

Original  solution 

1* 
2 
3 
4 
Average 

Original  solution 

1 
2 
3 
4 
Average 

Original  solution 

1 
2 
3 
4 
Average 

Original  solution 


PH 
4.9 
4.8 
4.7 
4.7 
4.77 

4.7 


4.7 
4.8  . 
4.8 
4.76 

4.7 


4.7 
4.7 
4.7 
4.7 

4.7 


4.8 
4.7 
4.7 
4.73 

4.7 


•C. 
0.122 
0.121 
0.123 
0.124 
0.123 

0.134 


0.131 
0.129 
0.130 
0.130 

0.133 


0.133 
0.132 
0.135 
0.133 

0.133 


0.133 
0.132 
0.134 
0.133 

0.133 


1.61 
1.59 
1.62 
1.63 
1.61 

1.76 


1.73 
1.70 
1.71 
1.71 

1.75 


1.75 
1.74 
1.78 
1.75 

1.75 


1.75 
1.74 
1.76 
1.75 

1.75 


peretni 

-8.52 

-9.66 

-7.95 

-7.38 

-8.50 


-1.14 
-2.86 
-2.28 
-2.29 


0.00 
-0.57 
+1.71 
+0.57 


0.00 
-0.57 
+0.57 

0.00 


*  Through  accident  it  became  necessaxy  to  discontinue  culture  1,  at  the  end  of  the  first 
interval 

solvent  of  the  mineral  constituents  of  the  sand  was  equal  to  that  of  distilled 
water. 

The  numerical  data  of  the  tests  with  unwashed  sand  here  used  are  presented 
in  table  2.  The  data  of  this  table  correspond  to  those  of  table  1.  The  freez- 
ing-point lowerings,  corrected  for  undercooling,  as  given  in  table  2,  are  the 
values  obtained  after  deducting  the  freezing-point  depression  resulting  from 
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soluble  substances  in  the  sand,  determined  by  tests  made  of  the  extract  from 
the  sand  of  the  control  culture  at  the  end  of  each  interval.  Thus,  at  the  end 
of  the  first  interval  the  extract  from  the  control  culture  gave  a  freezing-point 
lowering  of  0.018°C.  (average  of  four  tests)  corrected  for  undercooling.  This 
was  then  deducted  from  the  freezing-point  depressions  of  the  solutions  ex- 
tracted from  the  sand  of  the  other  cultures,  giving  the  values  as  they  appear 
in  the  table  for  the  interval  in  question.  This  was  done  for  each  succeeding 
interval.  At  the  end  of  the  second  interval  the  freezing-point  lowering  of  the 
extract  from  the  control  culture  was  0.004°C.  (average  of  four  tests),  but  at 
the  end  of  the  third  interval  no  depression  of  the  freezing  point,  below  that 
of  the  distilled  water  used,  could  be  detected.  Thus,  while  the  sand  at  first 
contained  small  quantities  of  soluble  matter,  this  was  removed  with  the  suc- 
cessive renewals  of  the  distilled  water  in  the  control  culture,  so  that  after  the 
second  renewal  no  more  soluble  substance  remained,  in  so  far  as  this  could  be 
detected  by  means  of  the  freezing-point  method. 

Inspection  of  table  2  shows  the  pH  values  of  the  solutions  extracted  from 
the  sand  to  be  in  very  close  agreement  with  those  of  the  original  solution. 
Three  of  the  four  average  pH  values  are  slightly  higher  and  one  is  equal  to 
that  of  the  original  solution.  As  in  the  preceding  experiments  with  washed 
sand  there  is  here  no  evidence  of  marked  change  in  the  reaction  of  the  nutrient 
solution  which  might  be  attributed  to  adsorption  phenomena  resulting 
from  direct  contact  of  the  solution  with  the  solid  sand  particles. 

The  solutions  extracted  from  the  sand  at  the  close  of  the  first  and  second 
intervals  show  consistently  lower  total  concentration  values  than  do  those  of 
the  original  solution.  The  average  of  these  values  for  the  first  interval  is  1.61 
atmospheres,  representing  a  deviation  of  8.50  per  cent  below  that  of  the  original 
solution.  The  corresponding  average  for  the  solutions  at  the  end  of  the  second 
interval  is  1.71  atmospheres,  representing  a  minus  deviation  of  2.29  per  cent, 
but  at  the  end  of  the  third  interval  the  average  total  concentration  of  the 
extracted  solution  is  1.76  atmospheres,  this  being  a  deviation  of  0.57  per  cent 
above  that  of  the  original  solution. 

The  fact  that  the  total  concentration  values  of  the  solutions  extracted  from 
the  sand  at  the  end  of  the  first  and  second  intervals  are  consistently  lower 
than  that  of  the  original  solution,  is  fairly  clear  evidence  that  the  adsorptive 
capacity  of  the  sand  is  here  effective  in  reducing  the  total  concentration  of  the 
solution,  although  this  reduction  was  not  large  even  during  the  first  interval. 
With  the  second  renewal  of  solution  at  the  beginning  of  the  4-day  interval, 
it  appears  that  equilibriimi  was  established  with  respect  to  the  adsorptive 
capacity  of  the  sand,  that  is,  the  ability  of  the  sand  to  adsorb  salts  from  this 
solution  had  reached  its  limit,  therefore  no  reduction  in  the  total  concentration 
occurred  when  the  solution  was  again  renewed. 

As  already  brought  out,  the  results  obtained  with  washed  sand  gave  no 
evidence  of  any  reduction  in  the  total  concentration  of  the  nutrient  solution 
applied  to  the  sand  which  might  be  attributed  to  adsorption.    The  observed 
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reduction  in  the  total  concentration  of  the  solution  added  to  the  unwashed 
sand  here  used  is,  therefore,  to  be  ascribed  to  the  adsorptive  action  of  the 
finely  divided,  colloidal  or  semi-colloidal  material  which  was  removed  from 
the  sand  in  the  process  of  washing. 

The  greatest  reduction  in  the  total  concentration  observed  is  0.17  atmos- 
pheres, representing  a  minus  deviation  of  9.66  per  cent  of  the  concentration 
of  the  nutrient  solution  added  to  the  sand.  Considering  the  relatively  low 
sensitiveness  of  agricultural  plants  to  slight  variations  in  the  total  salt  con- 
centration of  the  medium  in  which  they  are  grown,  even  such  a  reduction  in 
the  total  concentration  of  a  nutrient  solution  when  added  to  sand  in  sufficient 
quantities  to  give  optimimi  moisture  content,  is  scarcely  sufficient  to  produce 
any  marked  changes  in  the  growth  rates  of  plants  so  long  as  the  concentration 
is  well  within  the  range  required  for  good  growth  and  the  solution  is  frequently 
renewed  by  some  method  such  as  that  devised  by  McCall  (4),  or  by  some  other 
adequate  method.  If,  on  the  other  hand,  the  total  concentration  of  the  nutri- 
ent solution  added  to  the  sand  should  be  considerably  below  that  required  for 
approximately  optimum  growth  it  is  readily  to  be  seen  that  even  a  slight 
reduction  in  the  eflEective  concentration,  or  a  change  in  the  salt  or  ion  propor- 
tions through  difiFerential  adsorption  might  have  a  very  marked  effect  upon 
the  growth  of  plants  already  suffering  from  an  inadequate  salt  supply. 

Perhaps  the  most  noteworthy  feature  brought  out  in  these  tests  is  the  fact 
that  by  removal  from  the  sand  of  the  very  finely  divided  colloidal  or  semi- 
colloidal  material  by  thorough  washing  in  flowing  water  which  carried  away 
this  material  in  suspension,  the  power  of  the  sand  to  adsorb  salts  from  the 
nutrient  solution  used  was  eliminated,  in  so  far  as  any  change  in  total  concen- 
tration or  reaction  could  be  detected  by  the  methods  here  employed.  It  thus 
appears  that  in  culture  work  with  washed  sand,  alteration  of  the  physiological 
properties  of  nutrient  solutions  (such  as  was  here  used)  by  the  adsorptive 
properties  of  the  sand,  sufficient  to  influence  the  growth  rates  of  plants,  is 
not  to  be  expected  when  the  solutions  are  diffused  as  films  on  the  solid  particles 
of  the  substrata.  It  further  appears  that  frequent  renewal  of  solutions  will 
soon  overcome  any  initial  adsorptive  effects  of  very  fine  sand  containing  con- 
siderable quantities  of  colloidal  or  semi-colloidal  material,  by  saturating  the 
adsorptive  capacity  of  the  sand. 

SUMMARY 

A  study  was  made  of  the  influence  of  washed  sand  of  four  different  degrees 
of  fineness,  and  also  of  very  fine  unwashed  sand,  upon  the  reaction  and  con- 
centration of  a  nutrient  solution.  The  solution  was  applied  to  the  sand  in 
culture  pots  to  give  a  moisture  content  of  60  per  cent  of  the  water-retaining 
capacity  of  the  sand  in  every  case.  The  solution  was  renewed  at  stated 
intervals  after  as  much  as  possible  of  the  old  solution  had  been  extracted  from 
the  sand  by  suction.    Tests  were  made  of  these  solution  samples  for  the 
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hydrogen-ion  concentration  and  for  Uie  total  salt  concentration  and  the  results 
of  these  tests  were  compared  with  those  of  similar  tests  of  the  original  solution. 

1.  With  the  different  grades  of  washed  sand  there  was  no  evidence  of  the 
adsorption  of  salts  or  ions  in  sufficient  amounts  to  alter  materially  either  the 
reaction  or  the  total  salt  concentration  of  the  solution  in  contact  with  the  solid 
particles  of  the  substrata. 

2.  The  adsorptive  capacity  of  the  imwashed  sand  was  sufficient  to  reduce 
the  total  salt  concentration  of  the  solution  from  1.76  atmospheres  to  1.61 
atmospheres  (average  reduction  of  8.50  per  ceflt)  during  the  first  24-hour 
interval. 

3.  The  reaction  of  the  nutrient  solution  was  not  markedly  altered  by  contact 
with  the  unwashed  sand. 

4.  By  renewal  of  the  nutrient  solution  the  initial  adsorptive  effect  of  the 
unwashed  sand  was  soon  eliminated,  apparentiy  by  saturating  its  adsorptive 
capacity. 

5.  The  adsorptive  properties  of  the  unwashed  sand  appeared  to  be  due 
to  the  very  finely  divided  colloidal  or  semi-colloidal  material  which  was 
removed  from  the  sand  in  the  process  of  washing. 
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INTRODUCTION 

The  clearing  of  land  in  New  Jersey,  where  great  tracts  of  valuable  land  are 
covered  with  pine  and  oak  woods,  is  commonly  accomplished  both  by  the 
method  of  ''suckering"  and  with  the  help  of  goats.  Suckering  is  tedious  and 
expensive.  A  woodlot  which  is  to  be  cleared  is  usually  cut  down  dose  to  the 
ground  and  the  brush  piled  in  large  heaps  and  burned  at  the  place.  The  next 
spring  the  "suckers"  start  and  grow  vigorously,  because  the  live  stiunps  have 
an  extensive  root  S3rstem  which  enables  them  to  send  out  new  shoots  over  and 
over  again.  During  the  spring  and  sunmier  these  stimips  are  "suckered" 
two  or  three  times.  This  suckering  consists  of  breaking  down  as  many  as 
possible  of  the  new  shoots,  and  woodcutters  believe  that  this  is  especially  ef- 
fective during  the  month  of  August.  However,  the  other  work  on  the  farm 
during  this  month  does  not  always  allow  the  men  to  do  this  work  as  thoroughly 
as  it  should  be  done  to  make  it  effective.  Besides,  great  numbers  of  branches 
cut  down  even  in  August  make  new  sprouts  again  the  following  spring.  It 
therefore  often  takes  several  years  before  the  land  is  brought  into  such  a  shape 
that  these  stumps  do  not  hamper  the  crops  growing  among  them.  The  dead 
stumps  are  removed  later  when  the  time  is  opportune.  Clearing  with  the  help 
of  goats  proceeds  in  the  same  way,  except  that  the  thick  woodlots  are  often 
first  "opened  up"  by  the  goats  before  the  tall  trees  and  heavy  underbrush  are 
cut  down.    Later  the  suckers  are  kept  down  by  the  grazing  goats. 

To  find  a  means  whereby  the  clearing  would  be  less  costly  and  whereby  the 
land  could  be  improved,  possibly  after  one  or  two  years,  was  the  object  of  the 
work  recorded  below.  In  order  to  study  the  effects  of  salt  and  sulfur  in  killing 
live  stumps,  a  nimiber  of  woodlots  in  different  parts  of  the  state  of  New  Jer- 
sey were  selected.  The  most  extensive  of  these  were  at  New  Brunswick, 
Bridgeton,  and  New  Lisbon;  the  first  one  being  on  the  College  Farm,  the  sec- 
ond on  the  farm  of  Mr.  L.  H.  Sharp  at  Bridgeton,  and  the  third  at  the  Four 

*  This  work  was  suggested  by  Dr.  Jacob  G.  Lipman,  dlrtetor  of  the  New  Jersey  Agricul- 
tural Experiment  Station,  and  started  in  codperation  with  the  Forest  Service  of  the  State 
Department  of  Conservation  and  Development. 
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Mile  Colony  of  the  Burlington  County  Farm  for  feeble-minded  children.* 
The  experiments  therefore,  were  carried  out  under  somewhat  different  climatic 
and  soil  conditions.  The  soil  at  New  Brunswick  consists  of  a  mixture  of  Sas- 
safras loam  and  Pennsylvania  loam,  and  is  rather  swampy.  The  soil  at 
Bridgeton  is  a  sandy  loam,  and  that  at  New  Lisbon  is  a  dry  sandy  soil.  The 
experiments  were  started  early  in  the  spring  of  1919.  Other  experiments,  to 
determine  whether  there  is  a  pronoimced  difference  due  to  seasonal  influences, 
were  started  during  the  year. 

EXPERIMENTS  WITH  SALT  ON  A  SWAMPY  SOIL  NEAR  THE  AGRICULTURAL  COLLEGE 

AT  NEW  BRUNSWICK 

Twelve  plots,  with  from  fifteen  to  seventeen  good-sized  stumps,  were  marked 
off.  The  species  of  tree  stumps  were  oak  (black  and  white),  birch,  maple, 
dogwood,  chestnut,  and  cherry.  The  height  of  the  sprouts  in  the  spring  varied 
from  10  to  18  feet.  The  amounts  of  salt  applied  on  the  various  plots  were 
as  follows: 


SALT  PBE  ACRE 

PLOT  NxnmxR 

SALT  PER  ACU 

lbs. 

lbs. 

101 

420 

107 

2500 

102 

840 

108 

3000 

103 

1250 

109 

3350 

104 

1650 

110 

3750 

105 

2100 

111 

4200 

106 

2100 

112 

4200 

The  applications  were  made  on  or  around  the  stumps,  except  on  the  two  plots 
(106  and  112)  receiving  applications  of  2100  and  4200  p)ounds  per  acre,  re- 
spectively, which  were  scattered  broadcast.  According  to  analyses  made,  the 
common  rock  salt  which  was  used  contained  97  to  98  per  cent  sodium  chloride, 
a  little  magnesium  chloride,  and  a  few  impurities.  The  salt  was  applied  on 
April  3,  4  and  5,  after  several  days  of  dry  weather.  Heavy  rains  during  the 
next  few  days  dissolved  a  great  deal  of  the  salt,  but  the  remainder  formed  a 
crust  which  required  a  long  time  tp  dissolve.  Even  in  midsummer,  traces  of 
the  salt  could  be  found  under  the  trees  which  had  made  a  more  or  less  vigorous 
growth.  The  luxiuiant  foliage  of  the  oak  trees,  especially,  prevented  dissolving. 
The  tree  stumps  were  examined  frequently  during  the  summer  months.  Up 
to  the  last  of  July  not  much  effect  could  be  detected.  An  examination  made 
in  the  middle  of  August  gave  the  results  as  recorded  in  table  L    A  later  exam- 

'  The  writer  is  indebted  to  Mr.  W.  M.  Baker,  assistant  forester  of  the  State  Forest  Depart- 
ment, and  to  Mr.  W.  W.  Oley,  county  agent  for  Cumberland  County,  for  their  cheerful  help 
in  the  laying  out  of  the  plots  and  the  applying  of  the  salt  and  sulfur;  also  to  Mr.  L.  H.  Sharp 
for  placing  the  land  at  our  disposition. 
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ination,  made  on  September  5^  showed  that  on  plot  105  a  small  birch  had 
died.  Some  of  the  higher  branches  of  small  maples  were  d3dng  but  the  roots 
had  sent  out  vigorous  new  shoots. 

The  e£fect  of  the  salt  upon  these  stumps  of  high  trees,  with  their  vigorously 
growing  shoots,  was  very  limited  in  this  swamp.    The  larger  stumps  were 

TABLE  1 
Effect  of  salt  treatment  as  recorded  in  the  middle  of  August 


FLOT 

8FR0UTS 

SALT 

ACRE 

COMDIXIOHS  NOTED 

Mi 

lbs. 

101 

10  to  18 

400 

Oaks  have  deep  blue-green  leaves  and  appear  abnormally 
vigorous.    Birch  thrifty.    Chestnut  healthy 

102 

9  to  16 

800 

Oak,  maple,  and  cherry  healthy.  Oak  leaves  not  so  blue- 
green  as  on  plot  101,  but  seem  to  be  larger 

103 

9  to  15 

1250 

Oak,  birch,  maple,  and  dogwood  healthy.  Nothing  unusual 
to  be  detected 

104 

9  to  15 

1675 

Oak  and  maple  healthy.  Birch  slightly  injured;  birch 
leaves  have  brown  edges 

105 

9  to  16 

2100 

Oaks  healthy.  Maples  injured;  leaves  are  small  and  shriv- 
eled.   Some  birch  slightly  injured 

106 

8  to  15 

2100* 

Small  maple  killed.  Dogwood  injured.  Some  birch  slight- 
ly injured,  others  healthy.  Some  oaks  very  slightly  in- 
jured, others  healthy 

107 

9  to  15 

2500 

Small  maple  killed.    One  birch  killed,  others  injured.    Dog- 

108 

9  to  16 

3000 

A  few  maples  and  birch  killed,  oUiers  injured.  Cherry 
slightly  injured.    Oaks  healthy 

109 

8  to  16 

3400 

Birch  and  dogwood  injured;  leaves  turning  yellow  and  fall- 
ing. Small  maple  killed.  Laige  maple  injured.  Oaks 
healthy 

110 

9  to  15 

3800 

Birch  and  dogwood  injured.  Sznall  maple  killed.  Oaks 
healthy 

111 

9  to  16 

4200 

Maple  killed.  Some  birch  injured,  others  killed.  Pear  and 
cherry  killed.  Oaks  healthy.  None  of  the  laige  stumps 
killed,  only  slightly  injured  or  healthy 

112 

9  to  16 

4200* 

Small  maple  killed,  others  injured.  Dogwood  injured. 
Some  birch  injured.    No  effect  on  oaks  to  be  detected 

*  Scattered  broadcast. 

only  slightly,  if  at  all,  injured,  and  but  few  of  the  smaller  stumps  were  killed. 
The  resistance  of  the  stumps  to  treatment  with  salt  was  apparently  in  the 
order  of  oak,  cherry,  chestnut,  dogwood,  birch,  maple,  the  last  named  being 
affected  most  intensely  and  most  easily.  This  would  be  expected  if  the  hardi- 
ness of  the  wood  is  taken  into  consideration. 
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EXPERIMENTS  WITH  SALT  AND  SULFUR 

The  experiments  at  Bridgeton  were  conducted  on  land  to  be  cleared  for  truck 
farming.  The  soil  is  a  sandy  loam.  The  treated  plots  were  approximately 
tV  acre,  with  check  plots  four  times  as  large  at  either  end  of  the  group  of 
treated  plots.  The  land  was  cleared  in  the  same  way  as  is  done  by  the  prac- 
tical farmer:  the  trees  and  brush  were  cut  down  and  the  branches  burned  on 
the  ground.  A  coimting  made  of  the  number  of  stmnps  on  these  plots  placed 
the  average  at  45  good-sized  stumps.  The  very  small  stumps  were  not  in- 
cluded. Nearly  all  the  stumps  were  black  and  white  oak.  About  a  week 
after  the  brush  was  burned,  the  salt  and  sulfur  were  applied  in  the  following 
amounts: 


SODIUH  CHLORIDE  (POUNDS  PEE  ACSZ) 


ST7LFUK  (founds  PES  ACRE) 


Applications  made  May  15, 1919,  on  or  around  the  stumps 


Check  plots    < 


1000 

No.  4 
2600 

No.  7 
4200 


No.  2 
1600 

No.  5 
3200 

No.  8 
4750 


No.  3 
2100 

No.  6 
3750 

No.  9 
5300 


No.  13 
90 

No.  16 
500 

No.  19 
1000 


No.  14 
180 

No.  17 
700 

No.  20 
1300 


No.  15 
350 

No.  18 
850 

No.  21 
1725 


Check  plots 


Applications  made  May  15,  1919,  scattered  broadcast 


Check  plots 


No.  10 
3200 


No.  11 
4200 


No.  12 
5300 


No.  22 
750 


No.  23 
1000 


No.  24 
1500 


Check  plots 


An  examination  made  on  July  2  showed  that  the  growth  of  the  suckers  on 
plots  1,  2  and  3  was  markedly  retarded,  while  the  suckers  on  the  stumps  of 
plots  4,  5,  6  and  7  were  not  only  retarded,  but  injured  and  in  some  cases  killecL 
On  the  two  plots  where  the  heaviest  applications  had  been  made,  plots  8  and 
9,  nearly  all  suckers  were  killed,  and  those  left  on  the  stumps  had  a  sickly  ap- 
pearance. Very  small  stumps,  apparently  not  touched  by  the  salt  when  the 
applications  were  made,  showed  a  healthy  growth  on  these  plots. 

The  plots  on  which  application  had  been  made  broadcast,  plots  10,  11  and 
12,  were  also  afiFected.  The  huckleberry  brush  was  killed,  and  some  of  the 
suckers  which  remained  on  the  stumps  had  a  sickly  appearance;  but  the  effect 
was  by  no  means  so  marked  as  on  the  plots  which  received  the  same  amount 
of  salt,  applied  on  and  around  the  stumps.  A  very  marked  line  was  to  be 
seen  between  the  check  plots  and  the  treated  plots,  even  at  places  where  the 
smallest  applications  were  made.  The  height  of  the  suckers  was  much  less 
on  the  treated  plots,  and  the  number  markedly  decreased. 

An  examination  made  on  September  26  showed  that  oaks  which  were  still 
growing  on  plots  7, 8  and  9  looked  sickly.    Their  branches  were  much  shorter 
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and  the  leaves  were  small.  The  same  was  observed  on  the  plots  where  salt 
was  scattered  broadcast  (plots  10, 11  and  12),  while  the  growing  branches  on 
the  stumps  on  plots  1  to  6,  where  the  smallest  amoimts  were  given,  had  a 
sickly  appearance.  In  general,  the  leaves  of  the  oaks  on  all  treated  plots  were 
brownish  and  partly  withered,  while  the  leaves  of  the  oaks  on  the  check  plots 
iqypeared  to  be  healthy,  with  no  signs  of  autumn  to  be  detected  as  yet.  On 
the  treated  plots  much  mildew  was  foimd,  but  on  the  check  plots  very  little. 
The  same  was  observed  on  a  cutover  land  of  about  15  acres  where  the  stumps 
were  allowed  to  grow  throughout  the  entire  year;  here  the  leaves  wereonly 
slightly  attacked  by  the  mildew.  The  sickly  leaves  which  had  brown  edges 
and  were  shriveled  or  curled,  dropped  from  the  branches  when  slightly  touched. 
The  branches  themselves  were  easily  removed  from  the  stumps  when  pushed 
down  slightly,  or  when  touched  by  walking  past.  This  was  not  the  case  with 
branches  on  stumps  on  the  check  plots.  These  easily  removable  branches 
had  a  bluish  black  pith,  indicating  toxicity.  This  bluish  black  color  in  the 
center  of  the  atems  gradually  decreased  toward  the  top  of  the  shoot,  the 
darkest  color  being  nearest  the  stump.  Laboratory  and  other  field  experi- 
ments seem  to  indicate  that  when  the  sodium  chloride  is  dissociated  by  the 
soil  mcnsture  and  rain-water,  the  chlorine  ion  is  taken  up  by  the  roots,  cau^ng 
toxicity.  This  chlorine  is  distributed  throughout  the  plants,  carried  to  the 
extreme  end  of  the  tracheids  in  the  leaves  or  to  the  ends  of  the  secondary  veins^ 
causing  the  brown  discoloration  of  the  leaves. 

Examinations  at  the  same  time  of  the  plots  on  which  sulfur  was  applied, 
showed  that  even  at  the  end  of  the  season  a  part  of  the  sulfur  had  not  dis- 
solved. Where  heavy  applications  were  made  (plots  19, 20, 21, 23  and  24)  the 
growth  appeared  to  be  dightly  retarded,  while  on  the  plots  where  small  appli- 
cations were  made  a  slight  stimulating  effect  was  noticeable.  A  comparison 
made  between  the  plots  which  had  received  1000  and  1600  pounds  of  salt  per 
acre  and  the  plots  which  had  been  given  at  least  the  samV  amount  of  sulfur 
showed  that  the  retarding  effect  of  the  salt  was  markedly  greater.  In  fact 
the  only  difference  which  was  to  be  seen  between  the  plots  with  the  heaviest 
sulfur  applications  and  the  check  plots,  was  that  on  the  former  the  average 
length  of  the  branches  of  the  oak  stumps  appeared  slightly  shorter  than  on  the 
latter.  On  a  number  of  stumps  in  the  plots  which  had  received  the  heaviest 
sulfur  applications  it  was  found  that  some  of  the  leaves  on  the  lower  parts  of 
the  stems  had  wilted  and  some  had  dropped  off.  Mildew  had  attacked  the 
leaves  on  these  plots  much  more  severely  than  on  the  check  plots,  but  much 
less  than  on  the  salt  plots. 

A  series  of  experiments  were  conducted  in  exactly  the  same  way  near  New 
Lisbon.  Here,  however,  the  brush  from  13  to  18  feet  high  was  not  cut  down, 
but  the  applications  were  made  without  disturbing  the  growth  of  the  stumps. 
Examinations  made  during  the  siunmer  and  fall  showed  that  the  influence  of 
the  salt  was  very  slight.  No  injurious  effect  up)on  the  growth  could  be  ob- 
served, but  where  the  smallest  applications  were  made  a  more  or  less  marked 
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Fig.  1.   Plot  which  received  approximately  2  tons  of  salt  per  acre,  scattered  broadcast 
Fig.  2.  Check  plots. 
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A  NEW  SOIL  ELUTRIATOR 

WnXARD  GARDNER 
Utah  AiriciOimd  Esfetimma  SUriim 

Rceeived  for  poUicatiMi  Dee>aib«  29, 1919 
INTROBnCTORY 

Briggs  (1, 2)  pointed  out  many  years  ago  that  the  geometrical  configuiation 
in  a  soil  consists  of  tortuous  liquid-solid,  liquid-gas,  and  gas-solid  surfaces 
intersecting  and  meandering  in  devious  ways.  Such  configuration,  usually 
and  perhaps  never  at  equilibrium,  may  be  expected,  from  the  purely  me- 
chanical point  of  view,  to  be  controlled  primarily  by  the  effective  size  of  the 
particle,  the  coefficient  of  viscosity  (17)  of  the  liquid  and  the  surface  tension 
(r)  of  the  liquid-air  surface,  although,  as  Briggs  states,  the  resultant  at  the 
curve  of  intersection  involves  two  additional  vectors.  The  pressure  of  a 
liquid  under  a  curved  surface  involves  the  surface  tension  (7)  and  the  curva- 
ture of  the  surface,  the  latter  depending  primarily  upon  the  ''degree  of  dis- 
persion"^ of  the  solid  phase,  or  the  effective  radius  of  the  soil  particle.  Col- 
loidal substances  move  with  the  liquid  and  may  temporarily  be  ignored, 
except  in  so  far  as  they  may  affect  the  viscous  constant.  It  is  apparent, 
therefore,  that  a  complete  general  solution  of  such  problems  as  the  movement 
of  capillary  moisture  in  a  soil  may  be  available,  involving  such  parameters 
as  may  be  used  to  define  the  "dispersion"  of  the  solid  phase,  i.e,  the  mean, 
the  mode,  and  the  average  deviation  of  the  grams-radius  dbtribution  function, 
the  surface  tension  (7)i  and  the  curvature  of  the  liquid-air  surface,  the  latter 
involving  the  "dispersion"  parameters  as  well  as  the  two  other  surface  tension 
constants. 

The  author  (3)  has  proposed  a  tentative  general  solution  of  the  problem  of 
capillary  flow,  following  in  part  the  solution  of  Slichter  (4)  for  underground 
water.  Slichter's  solution,  however,  does  not  involve  a  liquid-air  surface. 
A  capillary  transmission  constant  has  been  introduced  which  involves  im- 
plicitly the  parameters  above  named,  the  ratio  I  -  j  affecting  this  constant  as  a 

linear  factor.  A  laboratory  investigation  is  under  way  at  the  Utah  Agri- 
cultural Experiment  Station  with  the  view  of  investigating  the  influence  of 
this  ratio,  and  additional  plans  are  being  made  for  investigating  the  influence 
of  the  "dispersion"  parameters.    It  was  found,  however,  that  neither  suitable 

^  This  tenn  is  bonowed  from  Colloidal  Chemistiy  and  perliaps  not  mconectly  applied  to 
the  rigid  soil  particles. 
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soil  separates  nor  a  method  of  obtaining  them  in  quantity  were  available  and 
it  is  the  primary  purpose  of  this  article  to  describe  what  promises  to  be  a 
successful  piece  of  apparatus  for  obtaining  appropriate  soil  separates,  though 
involving  little  that  is  essentially  new  in  principle. 

DESCRIPTION  OF  ELX7TRUT0R 

The  diagrammatic  sketch  of  figure  1  will  convey  at  once  information  as  to 
the  nature  of  the  process  involved.  A  steady  stream  of  muddy  water  is 
introduced  at  the  bottom  of  the  smallest  of  a  series  of  19  cylindrical  vessels 
ranging  in  diameter  in  arithmetic  progression  from  4  to  40  cm.  The  stream 
leaves  the  first  cylinder  through  a  conical  cap,  entering  the  second  through 
a  conical  base,  and  so  on  throughout  the  series. 

The  apparatus  was  constructed  for  our  laboratory  by  the  Central  Scientific 
Company,  the  cylinders  being  made  of  brass  with  glass  windows  and  de- 
tachable cap  and  base.  Small  glass  cylinders  were  subsequently  attached 
at  the  base  of  each  cylinder  through  perforated  rubber  stoppers  to  serve  as 
storage  reservoirs  for  the  particles  which,  contrary  to  original  expectation, 
were  found  constantly  descending  into  the  narrow  part  of  the  conical  base. 
In  order  to  provide  an  escape  for  air  accidentally  entering  the  apparatus  and 
in  order  that  the  samples  collected  from  the  tubes  might  be  rewashed,  the 
top  of  each  cylinder  was  made  to  open  into  a  vertical  glass  tube  terminating 
with  a  funnel.  Each  sample  can  thus  be  readily  drained  off  through  a  rubber 
tube  attached  at  the  lower  end  of  the  reservoir  and  introduced  into  the  funnel 
next  preceding  the  cylinder  from  which  it  was  taken. 

A  stream  of  dear  water  kept  constant  by  a  simple  constant  head  device  is 
introduced  into  an  appropriate  vessel  (A,  fig.  1)  into  which  the  hetero- 
geneous soil  is  periodically  introduced  and  kept  agitated  by  an  electrically 
driven  stirrer.  The  muddy  water  overflows  into  funnel  no.  1,  entering  the 
elutriator  as  stated.  In  rewashing  any  of  the  several  separates  the  stirring 
apparatus  may  be  readily  washed  by  draining  through  a  tube  at  the  bottom 
and  the  separate  introduced  in  place  of  the  heterogeneous  soil,  overflowing 
into  the  funnel  inunediately  preceding  the  cylinder  from  which  it  was  taken. 

It  is  apparent  that  the  absolute  diameter  of  the  tubes  with  a  given  current 
fixes  the  size  of  the  particles  and  the  size  of  the  current  fixes  the  rate  at  which 
soil  may  be  handled.  For  the  case  described  below  a  current  of  approximately 
0.7  liter  per  minute  was  used.  The  velocity  of  the  constant  stream  varies 
inversely  as  the  square  of  the  diameter  of  the  cylinder, 

whereas  the  relative  velocity  of  the  falling  particle,  according  to  Stokes'  law, 
is  proportional  to  the  square  of  the  diameter  of  the  particle, 
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When  the  velocity  of  the  water,  Vi^  is  equal  to  the  velocity  of  the  particle^  v%, 

and 

where  di  and  dt  are  the  diameters  of  the  cylinder  and  soil  particles,  respec- 
tively.  Since,  therefore,  the  diameters  of  the  cylinders  increase  in  arithmetic 
progression  it  is  apparent  that  the  diameters  of  the  particles  will  diminish  in 
harmonic  progression. 

The  diagram  of  figure  2  represents  the  plot  of  the  grams-radius  distri- 
bution function  or  mechanical  analysis  made  by  actual  count  with  the  aid 
of  the  microscope  of  the  soil  from  each  tube  of  the  series  after  a  first,  second, 
and  third  elutriation.  The  soil  used  contained  very  little  organic  matter 
and  a  large  part  of  the  day  had  been  previously  washed  out,  so  that  with  the 
mechanical  stirring  device  described  the  aggregates  were  readily  disin- 
tegrated before  the  muddy  stream  was  introduced  into  the  apparatus.  The 
ordinate  represents  the  product  of  the  number  of  particles  of  the  respective 
diameters  and  the  cube  of  the  diameters,  the  abscissae  representing  a  range 
of  0  to  0.25  mm.  For  each  tube  the  distribution  function  was  determined 
approximately  for  each  of  the  three  elutriations,  and  a  slight  shift  of  the 
curve  is  observed  in  most  cases  after  each  washing,  as  well  as  a  decided 
narrowing  of  the  area  under  the  curve.  Under  observation  with  the  micro- 
scope a  decided  improvement  was  noticed  after  the  second  wasliing,  as  may 
also  be  seen  from  the  microphotographs  shown  in  plate  1,  these  photo- 
graphs being  arranged  horizontally  in  order  of  changing  size  and  vertically 
in  order  of  elutriation.  Since,  however,  the  cube  of  the  diameter  was  plotted 
as  ordinate  in  order  to  harmonize  with  the  usual  method  of  making  a  me- 
chanical analysis,  the  change  is  less  noticeable  on  the  graph.  Several  of  the 
units  after  no.  7  were  missing,  but  the  modes  of  the  respective  curves  were 
found  to  fall  approximately  in  their  proper  places  in  the  harmonic  series  one- 
fourth,  one-sixth,  one-eighth,  etc.,  lending  incidental  support  to  the  appli- 
cation of  Stokes'  law  in  this  case. 

The  apparatus  has  given  excellent  satisfaction  for  our  purpose,  although 
as  stated  several  units  of  the  series  after  the  seventh  are  missing  from  the  set 
now  in  use.    It  is  only  accidental  that  a  choice  of  diameters  increadng  in  i 

arithmetic  progression  was  made,  but  in  view  of  the  fact  that  the  influence  of  < 

the  diameter  of  the  particle  on  the  physical  properties  of  the  soil  becomes  in- 
creasingly important  as  the  diameter  diminishes,  it  is  i)ossible  that  the  har- 
monic ratio  may  prove  entirely  appropriate.  ' 

In  conclusion,  acknowledgment  should  be  made  to  Mr.  N.  E.  Edlefsen  ] 

and  Mr.  Scott  Ewing  for  able  assistance  and  valuable  suggestions  that  have  i 
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been  offered,  and  to  Dr.  F.  L.  West,  head  of  the  Department  of  Physics,  for 
codperative  encouragement  during  the  progress  of  the  work. 
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The  importance  of  oxidational  processes  in  soils  is  attested  by  a  voluminous 
literature,  and  has  been  emphasized  and  studied  from  various  angles  in  pub- 
lications from  this  laboratory  by  Oswald  Schreiner  and  collaborators  (31,  33, 
34,  36,  37).  A  review  of  the  literature  and  a  broad  discussion  of  the  subject 
have  been  given  in  these  publications  (especially  31, 33).  By  the  use  of  chemi- 
cal tests  it  has  been  foimd  that  soils  are  often  oxidizing,  and  it  has  been  con- 
cluded that,  as  a  rule,  good  "vital''  soils  are  more  so  than  poor  soUs.  It  has 
also  been  suggested  that  it  is  possible  for  a  soil  to  be  too  oxidizing  (34), 
though  there  is  not  yet  a  satisfactory  way  of  determining  by  laboratory  ex- 
amination when  such  a  condition  exists.  There  is  also  a  considerable  litera- 
ture on  oxidation  and  reduction  by  yeasts  and  bacteria,  which  has  not  yielded 
the  fimdamental  results  which  may  be  eventually  expected.  Reduction  pro- 
cesses in  soil  have  also  been  studied,  though  to  a  lesser  extent  (18,  36). 

Just  as  a  sharp  line  can  be  drawn  between  acidity  and  alkalinity,  taking 
the  reaction  of  pure  water  as  the  standard,  so  can  a  sharp  line  be  drawn  theo- 
retically between  oxidation  and  reduction,  taking  as  a  standard  the  properties 
of  pure  water  (39).  The  parallelism  goes  a  long  way.  Both  acidity  and 
oxidation  are  relative  terms  and  such  absolute  theoretical  distinctions  are  of 
limited  significance.  A  neutral  condition  is  not  necessarily  the  optimal  con- 
dition for  soils,  in  fact  is  not  add  enough  for  certain  systems  of  cropping  (13), 
and  the  theoretical  point  between  oxidation  and  reduction  is  probably  not  the 
best  condition  for  soils.  Differences  in  acid  intensity  have  been  studied  of 
late  in  soils  by  the  use  of  an  electrode  saturated  with  hydrogen  gas  at  the 
atmospheric  pressure.  Let  us  consider  differences  in  intensity  of  oxidation 
and  reduction,  as  studied  by  means  of  an  electrode  of  noble  metal,  upon 
which  no  pressure  of  hydrogen  or  oxygen  is  purposely  applied. 

Energy  in  its  various  forms  has  two  factors,  intensity  and  quantity.    This  is' 
true  not  only  of  energy  in  the  usual  physical  sense,  but  also  in  a  very  broad 
sense,  including  the  energy  of  acidity  (of  which  the  two  factors  may  be  taken 
as  hydrogen-ion  exponent*  and  quantity  of  acid)  and  the  energy  of  oxidation 

*  Dr.  £.  Q.  Adams  pointed  out  to  the  writer  that  the  hydrogen-ion  exponent,  rather  than 
the  concentration,  is  the  true  intensity  factor  of  acidic  energy,  in  properly  chosen  units. 
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and  reduction.  In  various  studies  on  oxidation  and  reduction  in  soils  only 
the  quantity  factor  has  been  studied,  such  as  the  oxygen  consumed  or  the 
carbon  dioxide  given  off,  or  the  quantity  of  colored  substance  produced  by  the 
action  of  soil  on  a  given  suitable  reagent.  Other  things  being  equal,  the 
intensity  factor  might  be  assumed  to  vary  in  parallel  with  the  quantity 
factor,  but  unfortunately  this  assumption  is  very  doubtful  when  different  soils 
are  being  compared.' 

In  the  case  of  oxidation  and  reduction,  the  so-called  oxidation  or  reduction 
potential  represents  the  intensity  factor.  This  potential  is  the  electrical 
potential  difference  between  a  solution  and  a  chemically  indifferent  electrode 
immersed  in  it.  If  two  such  electrodes  are  set  up,  inunersed  in  two  liquids  of 
different  oxidation  potential,  the  liquids  being  connected  by  a  siphon,  then  on 
making  metallic  electrical  connection  between  the  electrodes  a  current  wiU 
pass,  and  oxidation  of  the  solution  about  one  electrode  wiU  occur  and  reduc- 
tion of  the  solution  about  the  other.'  Which  solution  is  oxidized  at  the  ex- 
pense of  the  other  will  depend  upon  which  oxidation  potential  is  the  greater, 
and  if  the  two  potentials  happen  to  be  the  same  no  current  wiU  pass  and  no 
chemical  action  take  place.  In  general,  the  magnitude  of  the  potential  dif- 
ference between  the  two  electrodes  gives  no  information  as  to  the  quantity  of 
current  which  can  be  obtained  from  the  S3rstem,  and  in  many  cases  very 
little  current  can  be  taken  without  lowering  excessively  the  potential  dif- 
ference. It  will  be  observed  that  oxidation  and  reductio^4)otentials  always 
occur  in  pairs,  there  being  apparently  no  certain  v^y  of  obtaining  a  single 
potential  with  any  accuracy.  However,  cells  may  be  set  up  in  whidi  there  is 
only  one  variable  half-cell,  in  which  case  we  may  treat  the  total  electromotive 
force  as  the  oxidation  or  reduction  potential,  taking  for  purposes  of  compari- 
son the  constant  half-cell  as  a  zero.  A  calomel  electrode  is  generally  taken  as 
the  constant  half-cell,  and  its  potential  is  sometimes  taken  as  zero,  sometimes 
as. some  other  more  or  less  arbitrary  number.  By  referring  the  oxidation 
potential  of  a  variety  of  oxidizing  and  reducing  agents  to  a  calomel  dec* 
trode  for  comparison,  Neumann  (23)  was  able  to  arrange  the  various  agents  in 
a  continuous  series,  using  largely  the  measurements  given  by  Bancroft  (2). 
It  is  well  known  that  this  cannot  generally  be  done  by  chemical  means,  and 
it  unfortunately  follows  that  such  electrical  measurements  do  not  always 
predict  successfully  the  chemical  behavior  of  two  given  solutions  when  they 
are  mixed.  The  results  may  of  course  depend  on  reactions  of  different  type, 
especially  upon  catalytic  actions.    The  significance  of  the  electric  potential 

*  Suppose  a  certain  soil  is  found  to  absorb  oxygen  at  a  higher  rate  than  another  soil,  and  so 
may  be  properly  said  to  respire  with  greater  intensity;  this  fact  does  not  show  whether  the 
soil  contains  very  easily  oxidizable  bodies,  for  it  may  contain  instead  a  large  quantity  of  leas 
easily  oxidizable  bodies.  A  study  of  the  intensity  factor  would  be  necessary  for  such  a 
distinction. 

*  It  is  to  be  understood  that  oxidation  and  reduction  are  taken  here  in  the  broad  sense, 
referring  either  to  the  participation  of  oxygen  or  hydrogen  or  to  a  mere  change  of  valence* 
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in  chemical  reactions  is  discussed  at  length  in  Chapters  XIV  and  XV  of 
Stieglitz's  QmUUMve  Analysis  (35). 

By  comparing  the  oxidation  potential  of  oxygen  in  solutions  of  various 
alkalinity  with  that  of  various  mixtures  of  potassium  ferro-  and  ferricyanide 
solutions  (the  potentials  of  which  are  practically  unaffected  by  changes  of 
reaction  if  substantial  quantities  of  both  forms  are  present),  Fredenhagen  (11) 
was  able  to  show  that  there  was  a  particular  ratio  of  ferro-  to  ferricyanide 
which  was  stable  at  a  definite  alkalinity.  At  greater  hydrogen-ion  concentra- 
tions the  proportion  of  ferricyanide  in  the  mixture  would  be  greater,  for 
equilibrium  with  oxygen.  In  the  soil,  the  oxidizing  potential  of  oxygen  (at 
a  pressure  of  0.2  atmosphere)  would  also.be  greater  under  add  conditions, 
and  oxidations  in  add  soil  should  therefore  on  the  whole  go  further  than  in 
neutral  or  alkaline  soQ.  In  bacterial  cultures  or  in  water-logged  soil  the 
hydrogen-ion  concentration  establishes  a  limit  of  reduction  potential  (the 
potential  of  the  hydrogen  dectrode  gives  this  limit),  which  cannot  be  greatly 
exceeded  without  the  liberation  of  hydrogen  gas.^ 

It  is  obvious  that  measurements  of  hydroxyl-ion  or  hydrogen-ion  con-^ 
centration  are  necessary  for  the  fullest  interpretation  of  oxidation  or  reduc- 
tion potentials.  Wells  (39)  and  Frary  and  Nietz  (9)  have  recently  made 
use  of  such  hydrogen-ion  concentration  data  in  the  interpretation  of  oxidation 
potentials.  It  is  doubtful,  however,  whether  all  interpretation  of  oxidation 
potential  must  be  made  in  this  way.  The  Nemst  theory,  that  oxidation  and 
reduction  potentials  are  due  to  charges  of  oxygen  or  hydrogen  gas  (or  of  both, 
in  equilibrium),  has  been  vigorously  disputed  by  van  Laar  (38),  who  says 
that  in  many  cases  such  gas  charges  are  fictitious.  The  fundamental  thing 
which  determines  the  occurrence  of  oxidational  reactions  in  dectric  cells  is 
not  the  pressure  of  oxygen  or  hydrogen  gas,  but  is  the  actual  potential  itself, 
and  the  writer  has  therefore  preferred  not  to  ''correct"  such  potentials  by 
means  of  the  hydrogen-dectrode  potentials,  except  in  special  cases,  where  an 
equilibrium  involving  gaseous  hydrogen  seemed  to  exist 

TECHNICAL  DISCXJSSION 

Solutions  differ  in  thdr  action  on  an  indifferent  dectrode;  in  some,  like 
mixtures  of  potassium  ferro-  and  ferricyanides,  the  electrode  exhibits  quickly 
a  constant  and  reprodudble  potential  (20),  whereas  in  others,  such  as  photo- 
graphic devdopers  (9)  the  potential  varies  for  weeks.  In  the  latter  case  it 
may  often  be  difficult  to  show  that  the  potential  measurements  have  much 
significance.  If  the  potential  is  the  result  of  an  equilibrium  between  one 
substance  and  its  immediate  oxidation  or  reduction  product,  and  both  sub- 
stances are  present  in  fair  concentrations,  then,  as  Peters  showed  for  various 
salts  of  iron  (26),  constant  and  reprodudble  potentials  are  exhibited,  the 

^  Unless  the  phenomenon  of  overvdtage  is  possible  in  these  cases.  No  such  phenomenon 
was  met  in  this  woric.    It  migfat  perhaps  be  expected  in  media  rich  in  sulfur. 
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potential  can  be  calculated  by  van't  Hoff 's  equation  from  the  concentrations 
of  the  substances  involved^  and  the  potentials  have  therefore  a  definite 
chemical  meaning.  In  cases  where  the  potentials  are  inconstant,  even  if  they 
are  simply  keeping  pace  with  a  progressive  chemical  reaction,  it  is  difficult 
to  establish  the  chemical  significance.  The  tendency  of  a  chemist  is  therefore 
to  avoid  the  study  of  S3rstems  which  do  not  give  constant  potentials,  but 
a  progressive  variation  of  potential  in  a  biological  system  such  as  soil  should 
not  deter  the  investigator,  because  biological  significance  may  be  capable  of 
demonstration,  even  if  chemical  significance  may  not. 

The  definiteness  of  the  intensity  factor  in  oxidation  is  dependent  to  some 
extent  upon  the  magnitude  of  the  quantity  factor.  The  situation  is  similar 
with  regard  to  acidic  energy.  The  behavior  of  a  hydrogen  electrode  is  un- 
satisfactory in  solutions  having  minimal  ''buffer  action,"  and  we  may  speak 
of  the  f erro-ferricyanide  mixtures  as  being  well  provided  with  oondaUve  buffer 
properties.  The  usual  term  "buffer  action"  may  be  distinguished  when 
necessary  by  the  qualification  reaction  buffer.  Soils,  as  well  as  bacterial  cul- 
tures, show  little  oxidative  buffer  as  compared  with  ferro-ferricyanide  mix- 
tures, and  this  is  the  cause  of  a  fundamental  difficulty  in  soil  work.  Because 
of  this  it  is  necessary  to  add  water  to  the  soil  in  which  an  electrode  is  im- 
mersed in  order  both  to  secure  good  electric  contact  between  the  soil  and 
the  electrode  and  also  to  exclude  air,  for  the  oxygen  of  the  air  goes  into 
quick  reaction  with  the  electrode,  disturbing  the  potential  and  making  it 
uninterpretable.  It  is  therefore  somewhat  dfflcult  in  such  cases  to  assume 
any  significance  to  potentials  unless  they  are  definitely  different  from  the 
potentials  which  atmospheric  oxygen  would  impart,  because  if  oxygen  values 
are  seen,  it  may  be  objected  that  they  are  due  merely  to  oxygen  carried  on 
the  surface  of  the  electrode  or  dissolved  in  the  soil,  the  soil  itself  being  inert. 
It  is  because  of  this  difficulty  that  the  soil  work  reported  in  this  paper  is  con- 
fined to  water-logged  soils.  It  may,  however,  be  perfectly  possible  in  some 
.cases  to  obtain  significant  potentiak  a  short  time  after  wetting  the  soil  and 
introducing  the  electrode. 

All  the  "potentials"  recorded  are  the  electromotive  forces  of  the  entire 
cell,  including  the  saturated  potassium  chloride  calomel  electrode.  In  most 
cases  the  positive  terminal  of  the  cell  was  the  mercury  of  the  calomel  electrode 
(as  is  the  case  in  ordinary  hydrogen  electrode  measurements)  and  in  these 
cases  the  potential  was  recorded  positive,  so  that  high  positive  values  rep- 
resent a  high  intensity  of  reduction,  and  high  negative  values  would  repre- 
sent high  intensities  of  oxidation.  The  sign,  therefore,  refers  to  the  solution 
in  all  cases,  and  not  to  the  electrode  immersed  in  it  (which  of  course  has  the 
opposite  sign).  It  was  until  lately  the  practice  to  correct  the  observed  poten- 
tial differences  for  an  assimied  value  for  the  single  potential  of  the  calomel 
half-cell,  taking  the  1  iV  KCl  calomel  electrode  potential  equal  to  0.56  volts, 
the  mercury  being  positive  to  the  potassium  chloride  solution.  This  assump- 
tion is  equivalent  within  0.01  volt  to  taking  the  0.1  iV  KCl  calomel  elec- 
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trode  potential  as  equal  to  0.62,  and  the  saturated  KCl  calomel  used  for 
these  measurements  as  equal  to  0.53,  at  the  ordinary  temperatures  (20-30°C.), 
In  these  cases  also  the  mercury  is  positive.  If  therefore  we  correct  our  ob- 
served potentials  by  subtracting  0.53,  the  results  will  be  comparable  with 
the  table  of  "absolute  potentials"  of  Neumann  (23,  p,  228),  and  of  van 
Laar  (38),  in  which  the  single  potentials  refer  to  the  potential  of  the  solu- 
tion against  the  electrode  immersed  in  it;  but  if  we  wish  to  compare  them 
with  the  absolute  potentials  giyen  by  Wells  (39),  we  must  subtract  0.53 
and  then  change  the  sign  of  the  result,  for  in  his  table  the  single  potentials 
refer  to  the  potential  of  the  electrode  against  the  solution.  The  potential 
of  the  normal  hydrogen  electrode  is  of  late  taken  as  an  arbitrary  zero,  which 
gives  0.283  instead  of  0.56  for  the  1  iV  electrode,  and  therefore  0.25  instead 
of  0.53  for  the  saturated  electrode  used.  At  present  it  seems  well  to  present 
the  potentials  uncorrected.  If,  during  any  measurement,  the  saturated 
electrode  had  been  removed  and  a,!  N  electrode  substituted,  the  fluid  or  soil 
would  have  appeared  to  be  about  0.03  volt  more  reducing. 

All  of  the  experiments  except  the  last  soil  experiment  were  done  in  1915, 
and  the  potentials  were  then  measured  by  means  of  the  voltmeter  scheme 
given  by  Hildebrand  (15)  with  the  use  of  a  capillary  electrometer.  The 
voltmeter  readings  were  1.5  per  cent  too  high  (after  the  zero  position  of  the 
needle  was  adjusted)  and  this  correction  (determined  at  the  time  with  the 
kind  cooperation  of  Dr.  W.  Mansfield  Clark)  was  applied.  For  the  other 
experiment  a  good  potentiometer  was  used  with  a  galvanometer,  the  coil  of 
which  has  a  resistance  of  about  400  ohms.* 

Various  metals  have  been  used  for  the  unattackable  electrode.  Platinum 
has  been  used  either  blank,  or  made  gray  (2)  by  coating  with  platinum 
black  and  heating  in  the  flame.  Mercury  has  been  used,  for  solutions  not  so 
oxidizing  as  to  act  on  the  mercury,  producing  a  calomel  electrode  (7,  8). 
Gold  has  been  especially  recommended  by  Lewis  and  Sargent  (20);  gold  dec- 

'  A  voltmeter  reading  directly  to  20  millivolts  (0.020  volts)  is  fairly  satisfactoiy  even  for 
much  hydrogen  electrode  work,  if  calibrated,  and  if  tenths  of  a  division  can  be  accurately 
estimated.  The  homemade  capillary  electrometer  used  (Ostwald  form)  was  more  satisfactory 
than  the  voltmeter.  Not  too  fine  capillary  tubing  was  used.  It  was  sensitive  to  about 
0.0005  volt,  applied  across  the  terminals,  and  in  series  with  a  gas  chain  of  high  resistance  it 
was  still  possible  to  read  to  0.001  volt;  whereas  a  good  galvanometer,  unless  its  coil  has  a 
high  resbtance  (say  400  ohms),  may  faU  far  behind  a  capillary  electrometer  if  used  in  a  high* 
resistance  circuit.  It  is  necessary  to  maintain  the  short-circuit  (except  at  the  moment  of 
use)  through  secure  connections  (platinum  contacts,  well-soldered  connections,  or  freshly- 
applied  pressure  by  screws).  It  was  seldom  necessary  to  blow  over  a  drop  of  mercury,  as 
care  was  taken  not  to  hold  down  the  key  long  enough  to  overcharge  the  electrometer.  The 
surface  of  the  mercury  can  be  put  in  good  condition,  when  necessary,  by  applying  an  electro- 
motive force  about  0.8  volt,  connecting  the  capillary  pole  with  the  negative  lead  (so  that  the 
mercury  contracts  in  the  capiUary)  and  then  letting  stand  15  to  30  minutes  short-circuited 
(25).  Simple  electrical  shielding  (40)  was  found  to  prevent  the  trouble  otherwise  experienced 
with  the  capillary  electrometer  outfit  in  damp  weather. 
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trodes  were  found  sensitive  to  light  by  Bose  and  Eochan  (3),  a  matter  of  0.1 
volt.  The  writer  has  not  used  gold,  and  has  not  seen  any  certain  light  effects; 
light,  however,  was  excluded  to  a  reasonable  degree  in  all  the  measurements 
reported. 

REDUCTION  POTENTIALS  OF  laCROBIAL  CULTX7SES 

Potter  (27,  28)  measured  the  electromotive  force  produced  when  two 
platinum  electrodes  were  placed  in  two  portions  of  culture  medium,  separated 
by  a  porous  partition,  and  one  portion  was  inoculated  with  yeast  or  Bacillus 
ccii.  In  both  cases  the  electrode  in  the  inoculated  portion  was  more  zinca^ 
tive  (n^ative)  than  the  uninoculated  portion.  Glucose  medium  was  used  for 
yeast,  and  a  S3mthetic  medium  containing  ammonium  tartrate,  asparagin, 
and  mineral  salts  for  B.  coli,  also  for  the  latter  organism  a  medium  with' 
starch  substituted  for  the  asparagin.  The  maximum  electromotive  forces 
developed  were  0.3  to  0.4  volt,  and  in  the  last  case  0.5  volt.  He  did  not 
interpret  these  results  in  terms  of  oxidation  or  reduction,  in  fact  stated  that 
no  electric  effects  could  be  produced  by  oxidation  of  the  platinum  elec- 
trodes, but  spoke  of  the  liberation  of  electrons  of  the  organic  substance 
during  the  decomposition  and  of  the  electrical  charges  set  free  in  the  vital 
processes  of  the  microorganisms.  The  difference  of  interpretation,  however, 
is  chiefly  a  matter  of  language  alone.  The  direction  of  the  electnHnotive 
forces  described  is  such  as  to  point  to  the  establishment  of  reducing  condi- 
tions by  the  microbial  activity.  No  potentials  against  a  calomel  electrode 
were  measured.  Varying  the  concentration  of  yeast.  Potter  found  the  maximal 
electromotive  force  to  be  developed  more  quiddy,  the  more  concentrated  the 
yeast  suspension. 

Mixed  cidlure,  mercury  dectrode 

A  considerable  number  of  experiments  were  made  by  the  writer  using  a 
mercury  electrode,  of  which  only  a  few  will  be  given.  The  electrode  vessel 
was  the  glass  part  of  an  ordinary  spirit  lamp.  By  means  of  appropriate 
glass  connections  the  electrode  vessel  could  be  completely  filled  with  mer- 
cury, displacing  all  air  in  the  vessel  and  in  the  tube  used  for  filling.  This 
tube  was  long  enough  to  reach  to  the  bottom  of  the  cultiures  examined.  Stop- 
cocks made  it  possible  to  make  a  liquid  contact  with  saturated  potassium 
chloride  solution  leading  to  the  calomel  electrode,  and  by  admitting  more 
mercury  an  old  contact  could  be  forced  out  and  a  new  one  made  at  any  time. 
The  vessel  could  be  gently  shaken  to  aid  the  attainment  of  equilibrium. 
This  arrangement  was  used  to  examine  bacterial  cultures,  and  gave  good 
results  in  the  eacamination  of  mixed  cultiu-es  grown  in  deep  layers  when  care 
was  taken  to  avoid  the  entrance  of  air.  Such  cultures  were  carefuUy  protected 
against  agitation.  Though  no  test  was  made,  the  cultures  imdoubtedly  con- 
tained anaerobes.    If  air  was  purposely  or  accidentally  admitted  to  the 
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cultures,  the  potentials  were  disturbed  and  sometimes  a  prohibitive  length 
of  time  was  required  to  re-establish  equilibrium.  Figure  1  shows  the  time 
curves  for  a  mixed  culture  in  a  deep  layer  of  1  per  cent  Witte  peptone.  This 
culture  was  obtained  by  inoculation  with  soil  one  month  previously,  and  had 
stood  a  number  of  wedcs  without  agitation  before  it  was  introduced  into  the 
electrode  vessel  In  figure  1,  curve  A  shows  the  change  of  potential  with 
time  when  the  culture  was  introduced  with  care  to  avoid  entrance  of  air, 
curve  B  shows  the  relation  for  the  same  culture  when  a  little  air' accidentally 
gained  access,  and  curve  C  shows  the  relation  when  the  culture  was  shaken 
with  air.  By  admitting  air  in  small  quantity  to  the  culture  in  the  electrode 
vessel  it  was  possible  to  disturb  the  potential  in  less  degree,  and  in  this 
case  the  potential  was  observed  to  return  to  the  former  value  in  a  few  hours. 
Attempts  to  displace  the  equilibrium  in  the  opposite  direction  by  passing  in 
hydrogen  gas  failed.    The  culture  was  nearly  neutral  to  litmus  paper. 


I/O  /M  ZH         2f0         £•• 

Time   in   Minutes 
Fig.  1.  Reduction  Potentials  of  Bactskial  Cultdsbs 

A  sumlar  culture  17  days  old  was  tested  in  the  same  apparatus  with  careful 
exclusion  of  air  and  in  addition  the  hydrogen  electrode  potential  was  deter- 
mined. Constant  potentials  were  foimd,  0.650  and  0.707,  for  the  mercury 
and  hydrogen  electrodes,  respectively. 

A  sumlar  culture  20  days  old,  grown  in  a  di£Perent  vessel,  gave  in  the  same 
apparatus  the  following  constant  potentials  for  the  mercury  and  hydrogen 
electrode  potentials,  respectively:  0.616  and  0.715. 

In  these  cases  a  little  time  was  required  for  the  reduction  potential  to 
become  constant,  as  in  the  case  of  the  experiment  plotted  in  figure  1.  The 
final  values  for  the  reduction  potential  were  in  fair  agreement,  .being  0.620, 
0.650,  and  0.616,  under  conditions  not  exactly  the  same. 

Bacillus  subtilis,  amalgam  dedrode 

A  sheet  of  platinum  about  1  by  5  inches,  provided  with  a  platinum  wire 
connection  sealed  through  a  glass  joint,  was  rolled  into  a  hollow  cylinder  and 
amalgamated  by  immersion  in  boiling  mercury.    It  was  introduced  by  means 


Digitized  by 


Google 


206 


LOUIS  J.  GILLESPIE 


of  the  glass  joint  into  a  test-tube,  to  the  bottom  of  which  was  sealed  a  T-form 
double  stopcock.  One  arm  of  the  stopcock  was  used  as  a  pipette  for  filling 
and  the  other  for  making  liquid  contact  with  saturated  potassium  chloride 
solution  (which  was  connected  with  the  calomel  electrode).  An  old  cul- 
ture (oiie  month)  of  Bacillus  subtUis  on  1  per  cent  Witte  peptone,  the  growth 
of  which  had  sunk  to  the  bottom,  was  introduced  to  tie  electrode  vessel, 
completely  filling  it  to  the  exclusion  of  air.  The  obsepred  potential  was  0.19, 
rising  to  0.26  in  30  minutes.  By  means  of  an  auxiliary  electrode  (replacing 
the  calomel  electrode)  the  reduction  electrode  was  polarized  until  its  potential 
(measured  against  the  original  impolarized  calomel  electrode)  was  0.314.  On 
standing,  the  potential  returned  in  an  hour  to  the  value  0.23,  showing  that 
this  value  represented  an  equilibrium,  if  only  a  temporary  one.  The  hydrogen 
electrode  potential  was  0.753. 


Fig.  2.  "Inverted-Vial  Electeode" 

Another  experiment  was  performed  with  the  same  amalgamated  electrode. 
A  3-day  culture  of  B.  subtUis  was  used;  the  culture  having  been  grown  on  a 
mixture  of  Witte  peptone  1  per  cent,  dextrose  1,  and  K2HPO4  0.5  per  cent. 
The  reduction  potentials  are  shown  in  figure  1,  curve  D.  The  highest  reached 
was  0.275;  the  hydrogen-electrode  potential  was  found  to  be  0.622. 

Bacillus  coli  in  inverted  vial  electrode 

B.  coli  was  grown  in  an  "inverted  vial*'  provided  with  a  bare  platinum 
electrode,  as  shown  in  figure  2.  After  the  growth,  mercury  could  be  intro- 
duced into  the  tube  carrying  the  platinum  wire,  for  metallic  connection  with 
a  copper  wire  leading  to  the  voltmeter  arrangement.  Two  cultures  of 
B.  coli  were  obtained  through  the  kindness  of  Dr.  W.  M.  Clark.  They 
had  been  found  to  be  typical  cultures,  with  a  gas-ratio,  COjrHi,  nearly 
equal  to  1,  as  determined  by  exact  analysis  over  mercury  (29).    The  reduc- 
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tion  potential  was  measured  before  the  bubble  of  gas  touched  any  part  of 
the  platinum.  The  sheet  of  platinum  was  about  1  inch  square.  The  cul- 
ture medium  was  Witte  peptone  1  per  cent,  dextrose  1,  and  KjHPOi  0.5 
per  cent.  Liquid  contact  was  made  by  means  of  a  capillary  tube  filled  with 
saturated  potassium  chloride  solution,  which  was  dipped  to  the  bottom  of  the 
tube  with  as  little  agitation  as  possible.  The  temperature  was  aboiit  25°C. 
The  hydrogen  electrode  potentials  of  both  cultures  were  also  measured. 
All  potentials,  reduction  and  hydrogen,  appeared  quite  constant.  From 
the  reduction  and  the  hydrogen  potentials  the  pressure  of  gaseous  hydrogen 
was  calculated  from  the  equation:  log  pHi  =  —  33.8E,  where  pHj  is  the 
pressure  in  atmospheres  of  gaseous  hydrogen,  E  is  the  difference  in  volts 
between  the  hydrogen  and  reduction  electrode  potentials,  and  33.8  is  the 
reciprocal  of  the  familiar  factor  RT/2F  after  correction  for  converrion  of 
logarithms.*    The  results  are  shown  in  table  1. 

TABLE  1 

Reduction  and  hydrogen  electrode  potenHals  of  two  cultures  of  B.  colt,  and  the  pressures  of  gaseous 

hydrogen  calculated  therefrom 


Reduction  potential  (volts) .  .*. 

Hydrogen  potential  (volts) 

E  (volts) 

Value  of  log  pHi 

Log  pHj 

nreasure  of  hydrogen  gas  (pHi)  (atmospheres) 

It  is  not  supposed  that  such  gas  analysis  is  accurate,  but  the  fact  is  of 
interest  that  the  potential  of  bare  platinum  pointed  to  concentrations  of 
hydrogen  gas  of  the  order  of  magnitude  that  would  be  expected.  For  the 
ratio,  COaiHa,  equal  to  1,  the  pressure  of  hydrogen  would  be  0.5  atmos- 
phere, calling  for  a  difference  of  about  0.009  volt  between  the  reduction  and 
hydrogen-electrode  potentials.  From  table  1  it  is  seen  that  the  calculated 
pressures  were  0.34  and  0.052.  These  values  are  less  than  that  established 
by  exact  analysis  of  the  gas  obtained  by  growing  the  organism  in  vacuo,  but 
if  oxygen  is  not  excluded  the  anal3rsis  also  shows  smaller  proportions  of 
hydrogen  gas  (17). 

*This  equation  represents  the  rekition  between  two  hjrdrogen  electrodes  at  different 
hydrogen  gas  pressures  (one  atmospheric  pressure,  and  the  other,  to  be  determined),  im- 
mersed in  a  solution  of  one  hydrogen-ion  concentration;  and  can  be  obtained,  for  instance, 
from  an  equati<m  given  by  Wells  (39),  second  equation  on  page  58,  by  applying  this  equa- 
tion for  the  single  potential  to  the  case  where  the  pressure  of  hjrdiogen  gas  is  1,  when  the 
log  term  becomes  0,  and  then  to  the  case  where  the  pressure  is  pHt,  and  finally  subtracting 
one  result  from  the  other.  This  equation  then  applies  not  only  to  a  neutral  solution,  but  to 
any  other,  since  the  equation  from  ^Hiich  it  was  derived  is  affected  by  changes  in  reaction 
only  in  the  tenp  —0.136  (the  minus  sign  was  omittedin  the  bulletin  through  a  printer's 
error),  which  disappears  in  the  subtraction,  whatever  its  value  may  be  at  the  particular 
hydrogen-ion  concentration. 
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ReducHon  poientials  of  bacterial  suspensions 

Thick  suspensions  of  bacteria  produce  reduction  of  methylene  blue  far 
more  quickly  than  cultures,  or  thin  suspensions.  Such  suspensions  have 
been  used  in  studies  of  bacterial  reduction  of  colored  substances  (5,  14,  24).^ 
B.  coli  ''hx"  was  suspended  in  0.9  per  cent  sodium  chloride  solution  with  the 
addition  of  a  little  broth,  and  measured  in  an  apparatus  similar  to  the  amal- 
gamated electrode  vessel,  but  the  electrode  itself  was  bare  platinum,  not 
amalgamated.  The  temperature  was  26^C.  The  progress  of  the  experi- 
ment can  be  seen  from  figure  3.  The  maximal  reduction  potential  was  0.599 
volts,  decreasing  to  0.594,  doubtless  because  of  add  formation,  as  the  hydro- 
gen electrode  potential,  subsequently  determined,  was  594,  decreasing  to 
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Fig.  3.  Reduction  Potemtials  of  Baciekial  Suspensions 

592.  Thus  the  two  potentials  were  very  nearly  the  same.  BaciUus  mycoides 
was  grown  on  agar  and  suspended  in  broth.  It  was  studied  in  the  ^nmlgftm 
electrode,  and  the  results  are  shown  in  figure  3.    The  highest  reduction  po- 

^  To  the  data  of  Harden  and  Zilva  may  be  added  the  following  facta,  detennined  by  the 
writer  hi  1910  but  not  published.  When  masses  of  B.  cdi  were  washed  so  that  on  the  addi- 
tion of  methylene  blue  sohition  alone  no  reduction  could  be  seen  on  incubation  at  37^  and 
the  effect  of  various  substances  on  the  reduction  was  examined,  dextrose  and  glycerol 
were  found  to  be  active  in  especially  small  concentrations.  At  least  as  small  concentra- 
tions as  0.02  and  0.002  per  cent,  req)ectively,  caused  the  reduction  of  the  methylene  blue 
to  take  place.  Traces  of  ammonium  hydroxide  were  also  very  active,  and  this  seemed  to 
make  tests  of  the  activity  of  the  sodium  salts  of  weak  organic  adds  uninteipretable  without 
hydrogen-ion  control.  Dextrose  and  glycerol  were  found  by  Cole  (5)  to  be  very  effective 
also  in  aicUng  the  formation  of  methemoglobin  from  hemoglobin  by  the  action  ci  pneumo- 
coccus  suspensions. 
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tential  was  0.37;  whereas  the  hydrogen  electrode  potential  was  0.700.  An 
unidentified  soil  aerobe,  motile,  liquifier  of  gelatine,  not  identical  with  B. 
mycoides  or  B.  subtilis^  was  grown  on  agar,  the  growth  suspended  in  a  mix- 
tture  of  equal  parts  of  0.1  M  NasHPOi  and  0.1  ilf  NaHfPOi,  and  examined 
with'  a  gray  platinum  electrode.  In  this,  as  in  all  these  cases,  the  electrode 
vessel  was  of  course  completely  filled  with  the  suspension,  to  the  exclusion  of 
air.  The  highest  reduction  potential  was  —0.04,  whereas  the  hydrogen- 
electrode  potential  was  0.652.  The  intensity  of  reduction  was  therefore 
very  low  in  comparison  with  the  other  cultures,  but  this  culture  gave  a 
good  indophenol  test  with  Ehrlich's  reduction  reagent  (6),  a  mixture  of 
para-nitrosodimethyl  anilin  and  alpha-naphthoL 

REDUCTION  POTENTIALS  OF  WATER-LOGGED  SOILS 

Hagerstovm  loam 

Two  hundred  grains  of  soil,  stated  to  be  Hagerstown  loam,  were  placed 
in  a  tumbler  and  enough  water  added  to  saturate  the  soil  and  make  a  thin 

TABLE  2 
Reductum^potential  expenmeni  wUh  Eager sUntm  loam  pius  dextrose 


Iday 

2dayi 

Jdayi 

4dayt 

gm. 

ptremt 

0 

0 

-0.32 

-0.16 

+0.07 

+0.11 

0.25 

0.125 

-0.18 

-hO.44 

0.32 

0.26 

0.50 

0.250 

-0.24 

+0.44 

0.31 

0.31 

1.00 

0.500 

-0.32 

+0.46 

0.48 

0.45 

2.00 

1.000 

-0.02 

+0.48 

0.52 

0.50 

layer  of  water  over  the  top.  Similar  tumblers  were  prepared,  using  the  same 
soil  to  which  dextrose  had  been  added  before  wetting.  Gray  platinum  elec- 
trodes about  1  inch  square,  attached  to  platinum  wires  sealed  into  glass, 
were  introduced  by  opening  the  soil  with  a  knife,  the  soil  was  pressed  back, 
and  the  whole  allowed  to  stand.  At  daily  intervals,  liquid  contact  with  the 
saturated  potassium  chloride  solution  was  made  by  laying  a  capillary  tube 
filled  with  the  potassium  chloride  solution  on  the  sofl,  and  the  potential 
against  the  calomel  electrode  was  measured.  After  each  measurement  the 
capillary  tube  was  removed,  and  the  soil  which  was  contaminated  with  potas- 
sium chloride  was  scraped  out  The  reduction  potentials  are  given  in  table  2. 
Some  of  the  irr^ularities  may  be  due  to  the  fact  that  the  layer  of  water 
evaporated,  leaving  in  some  cases  fine  cracks  which  permitted  air  to  gain 
entrance  to  the  layers  of  soil  near  the  electrode.  The  layer  was  restored  by 
daOy  addition  of  water.  It  is  noteworthy  that  the  smallest  quantity  of  dex- 
trose added  to  the  soil,  about  0.1  per  cent,  produced  a  very  la^e  effect  on  the 
soQ  after  water-logging  for  two  days. 
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Duplicate  tumblers  were  prepared  and  young  rice  seedlings  were  replanted 
in  the  water-logged  soil,  the  soil  being  kept  just  wet.  In  2  days,  differences 
could  be  seen,  and  in  3  days  the  rice  seedlings  were  apparently  normal  in 
the  water-logged  soil  containing  no  dextrose,  but  were  progressively  poorer 
in  the  soils  to  which  dextrose  had  been  added.  The  injurious  effect  was 
definite  with  only  0.125  per  cent  of  dextrose,  and  the  plants  were  in  very 
bad  condition  with  the  higher  concentrations.  The  experiment  with  rice  is 
only  suggestive,  as  a  number  of  factors  were  not  studied.  It  was  not  known 
at  the  time  how  to  measure  the  hydrogen-ion  concentration  of  soils. 

A  less  extensive  experin\ent  showed  that  Witte  peptone  added  to  the  same 
soil  produced  reducing  conditions,  when  the  soU  was  water-logged,  but  the 
effect  was  not  so  marked  as  in  the  case  of  dextrose. 
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Fig.  4.  RsDUcnoN  Potentials  of  Water-Logged  Soils  at  Vasious  Times 

Various  soils  wiihotU  dextrose 

As  electrode  vessel,  a  tube  was  used  open  at  both  ends.  A  platinum 
electrode  coated  with  palladium  black,  sealed  into  a  glass  tube,  was  carried 
on  a  rubber  stopper  fitting  into  the  tube.  The  electrodes  were  much  smaller 
than  those  used  previously,  being  only  3  or  4  mm.  square,  and  were  treated 
as  for  a  measurement  of  hydrogen-ion  concentration,  but  were  well  exposed 
to  moist  air  before  use,  in  order  to  permit  the  removal  of  hydrogen  which 
had  been  deposited  in  the  sulfuric  acid  ''cleaning''  bath.  The  tube  was  filled 
as  tightly  as  possible  with  wet  soil,  using  as  thick  a  mud  as  could  be  handled 
without  inclusion  of  air.  After  filling  the  tube,  the  end  was  closed  with  thin 
rubber  sheeting,  secured  with  rubber  bands.  Each  day  the  rubber  sheet 
was  removed,  contact  made  with  a  rubber  tube  containing  saturated  potas- 
sium chloride  solution,  and  the  potential  measured.  After  the  measurement 
the  contaminated  soil  was  at  once  scraped  out  and  replaced  with  fresh  soil. 
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without  disturbing  the  layers  of  soil  about  the  electrode,  and  the  rubber  sheet 
replaced. 

Four  soils  were  studied  No.  1  was  Caribou  loam;  no.  4,  Washburn  loam, 
the  others  being  soils  from  another  region.  In  figure  4,  the  reduction  poten* 
tials  thus  measured  are  shown,  as  curved  lines.  The  straight,  alanted  lines 
show  the  hydrogen  electrode  potentials  for  the  soils,  determined  without 
water-logging,  and  at  the  end  of  the  period  of  water-logging,  in  each  case. 
For  purposes  of  illustration,  the  theoretical  line  dividing  oxidizing  from 
reducing  solutions  at  the  hydrogen-ion  exponent  7,  has  been  shown,  as  well 
as  the  potential  which  an  oxygen  electrode  would  show  (19)  at  the  same 
hydrogen-ion  exponent  if  the  experiment  could  be  correctly  performed.  The 
hydrogen  electrode  potential  line  for  the  exponent  7  has  not  been  drawn, 
since  it  is  so  near  the  slanting  lines  as  to  produce  confusion. 

There  appears  to  be  a  significant  difference  between  the  Caribou  loam 
(no.  1)  and  the  other  soils,  as  water-logging  produces  a  much  slower  effect 
with  it  than  with  the  others.  To  make  sure  of  this  point  the  whole  experi- 
ment was  repeated,  using  the  same  electrodes  as  before,  but  without  recoat- 
ing,  or  even  cleaning  beyond  simple  rinsing,  and  the  electrodes  were  inter- 
changed, so  that  no  soil  was  tested  with  the  same  electrode  again.  The 
results  were  very  similar,  the  main  difference  being  that  the  rate  of  produc- 
tion of  reducing  conditions  was  different,  presumably  because  of  a  change  of 
room  temperature. 

SOURNESS  OF  SOILS  VS.  ACIDITY  OF  SOILS 

A  few  years  ago  an  anomalous  situation  existed  with  regard  to  soil  acidity. 
It  was  held  by  many  that  the  reaction  of  ordinary  soils  was  either  neutral 
or  slightly  alkaline,  reactions  with  blue  litmus  paper  notwithstanding.  The 
reddening  effect  of  certain  soils  upon  blue  litmus  paper  was  held  to  be  due 
solely  to  adsorption.  At  the  same  time  many  investigators  were  appl3dng 
litmus  paper  to  detect  soil  acidity  and  recommending  its  use  to  the  farmer, 
holding  to  the  point  of  view  that  although  soil  acidity  may  not  be  proved 
by  the  use  of  litmus  paper,  the  reddening  effect  on  blue  litmus  paper  is  often 
correlated  with  the  failure  of  red  clover  and  other  crops  supposedly  intolerant 
of  add  conditions.  By  such  investigators  the  word  "acidity"  was  applied  to 
soil  problems  with  due  regard  to  the  opinions  then  current  and  quotation 
marks  about  the  words  "soil  acidity"  and  various  qualifying  phrases  were 
often  used  in  order  to  waive  the  question  as  to  whether  a  "true"  acidity 
was  involved.  The  acidity  or  sourness  of  soils  could  not  be  measured  by 
any  one  method  which  would  indicate  whether  an  injurious  degree  of  acidity 
was  in  question,  and  it  resulted  that  soil  acidity  became  a  broad  biological 
concept,  rather  than  a  definite  chemical  one,  and  was  judged  in  various  ways; 
principally  from  consideration  of  (a)  the  effect  of  the  soil  on  vegetation, 
(b)  the  effect  of  the  soil  on  litmus  paper,  and  (c)  the  drainage.    It  was  com- 
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monly  assumed  that  poor  drainage  was  associated  wtih  an  injurious  degree 
of  '' acidity."  It  is  true  that  a  correlation  has  sometimes  been  found  be- 
tween poor  drainage  and  high  lime  requirement;  it  is  also  true  that  in  the 
experience  of  this  laboratory  the  better  drained  soils  have  a  higher  hydrogen- 
ion  concentration  (a  lower  exponent)  than  the  correlated,  more  poorly  drained 
soils.  To  the  mind  of  the  writer  it  is  very  questionable  whether  the  injurious 
effects  of  poor  drainage  on  vegetation  are  in  fact  usually  due  to  a  high  degree 
of  acidity.  It  seems  very  probable  that  what  is  often  called  sourness  of  soils 
consists  sometimes  of  a  veiy  real  (i.e.,  injurious)  acidity,  but  sometimes, 
namely  when  it  is  a  case  of  poor  drainage,  of  another  property  of  soils,  as  yet 
not  understood.  Though  at  present  it  cannot  be  demonstrated,  it  seems 
more  than  likely  that  this  other  property  of  badly  drained  soils  is  their  reduc- 
ing power,  and  furthermore  that  the  intensity  aspect  is  likely  to  furnish  a 
useful  method  of  approach. 

In  short,  it  is  suggested  that  the  concept,  sourness  of  soUs,  is  ambiguous^ 
referring  to  two  different  conditions;  one,  an  acid  condition,  and  another,  not 
understood,'  but  probably  associated  with  high  reducing  potentials.  Without 
doubt  the  word  '' acidity"  is  often  used  where  the  broader  term  '' sourness" 
would  be  better  justified. 

TEE  SIGNIFICANCE  OF  SEDUCING  CONDITIONS  IN  SOILS 

It  appears  to  be  well  accepted  that  good  soils  are  normally  oxidizing, 
and  that  reducing  conditions  are  an  indication  of  an  unhealthful  state  of 
affairs.  The  term  '^  oxidizing"  has  been  used  in  a  broad  sense  by  previous 
writers;  and  differences  in  d^^ee  of  oxidation  have  been  in  terms  of  quantity, 
not  of  intensity.  Reducing  conditions  have  as  a  rule  been  recognized,  either 
by  the  absence  of  oxidation,  or  by  the  presence  of  specific  substances  of  known 
reducing  power.  Ferrous  carbonate,  which  can  be  present  only  under  reduc- 
ing conditions,  has  been  taken  as  the  toxic  agent  concerned  in  badly  drained 
soUs.  This  can  hardly  be  the  only  specific  toxic  reducing  body  present  A 
correlation  has  been  noted  between  the  occurrence  of  aldehydes  and  soil  in- 
fertility (32),  and  a  characteristic  property  of  aldehydes  is  their  reducing 
power.  It  has  been  foimd  (18)  that,  in  cane  fields,  soil  from  poor  spots  often 
showed  greater  reducing  power  for  ferric  salts  than  soil  from  good  spots,  and 
reference  was  made  to  the  well-known  reducing  function  of  bacteria  and  of 
organic  substances. 

Honing  (16)  contrasted  his  unfavorable  results,  obtained  with  the  method 
of  Gerretsen  (12),  with  the  interesting  results  obtained  by  the  latter.  Honing 
states  (in  a  summary  in  English): 

By  this  method  Gerretsen  could  discern  what  soils  were  in  good  condition  and  what  In  a 
poor,  not  sufficiently  oxydated  one,  as  the  soils  with  a  high  hydrogen-iodide  value  gave  a 

rich  crop  of  sugar  or  rice,  and  those  with  a  low  value,  a  small  crop When  this 

method  of  testing  irrigated  soils  on  Java  was  tried  on  dry  soils  in  Deli,  it  proved  to  be  im- 
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pimctkable  ....  the  veiy  high  hydiogen*iodkle  value  of  8ofl  samples  taken  JO-90  ci& 
beneath  the  surface  is  caused  not  by  k  higher  degree  of  oxydatian  of  the  soil  at  that  distance 
from  the  free  air,  but  by  the  large  quantify  of  ozydated  material,  i.e.,  ferric  iron.  This  ferric 
iron  is  not  equally  divided  over  the  whole  depth.    .... 

This  seems  to  be  a  deax  illustration  of  the  failure  of  a  method  based  on  the 
quantity  factor  alone. 

In  the  light  of  the  reduction-potential  measurements  of  the  writer,  bac- 
terial cultures  are  apparently  normally  reducing^  and  soils  may  become  highly 
reducing  if  water-logged  for  a  few  days  in  the  laboratory.  It  is  veiy  pos- 
sible that  similar  chmiges  will  occur  under  field  conditions,  certainly  under 
■conditions  of  veiy  poor  drainage,  and  possibly,  during  periods  of  wet  weather, 
in  fields  where  the  drainage  is  comparatively  good.  It  would  seem  worth 
while  to  adopt  the  working  hypothesis  that  a  given  intensity  of  reduction,  as 
•expressed  by  the  reduction  potential,  has  an  equal  biological  effect  in  the 
soil,  irrespective  of  the  chemical  reactions  involved  in  producing  the  potential. 

There  can  be  no  doubt  that  something  is  lacking  in  present  methods  of 
approach  to  the  problem  of  soil  aeration.  Cannon  and  Free  (4)  state  that 
"Although  deficiency  in  aeration  has  frequently  been  suggested  as  an  agri- 
<:ultural  difficulty,  or  as  the  reason  why  certain  species  do  not  grow  upon 
soils  of  heavy  texture,  it  does  not  appear  that  this  suggestion  has  had  any 
•exact  experimental  basis,  .  .  .  ,"  They  appear  to  think  that  the  ques- 
tion may  be  handled  by  means  of  gas  analysis,  but,  just  as  the  hydrogen- 
•dectrode  potential  is  able  to  distinguish  'degrees  of  acidity  and  alkalinity  in 
regions  beyond  the  limits  in  which  we  can  detect  concentrations  analytically, 
so  is  the  reduction  potential  capable  of  distinguishing  differences  in  degree 
<i  reduction  in  regions  where  oxygen  can  no  longer  be  detected  at  all  by 
:gas  anal3rsis.  If  a  curve  is  drawn,  such  as  has  been  given  by  Wells  (39),  show- 
ing the  concentrations  of  oxygen  and  hydrogen  which  would  be  in  equilibrium 
with  an  unattackable  electrode  at  various  reduction  potentials  (in  the  pres- 
ence of  a  suitable  catalyst),  it  becomes  obvious  that  the  region  capable  of 
study  by  gasometric  methods  is  only  a  small  part  of  the  possible  field.  Cannon 
and  Free,  however,  made  interesting  observations  by  means  of  gasometric 
anal}rsis;  as  did  also  Russell  and  Apple3rard  (30),  who  detected  significant 
variations  in  certain  patches  of  a  field  under  different  weather  conditions.  It 
may  be  doubted  whether  variations  could  be  detected  in  this  way  in  water- 
logged soils  after  any  considerable  period  of  immersion.  In  the  cultivation 
of  rice  and  other  irrigated  crops  it  is  a  matter  of  great  importance  to  know 
when  to  remove  the  excess  water.  In  a  popular  article  (1)  the  importance  of 
the  subject  has  been  recently  emphasized,  and  the  suggestion  been  made 
that  practical  application  might  be  feasible  of  any  principles  which  may  be 
found. 

We  may  interpret  the  fact  that  the  quality  of  a  soil  is  correlated  with  the 
quantiQr  of  substance  produced  in  a  test  for  oxidative  power  as  follows. 
The  bodies  responsible  for  the  reactivity  of  the  soil  in  these  tests  may  be 
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supposed  to  be  carriers  of  oxygen.  The  intensity  factor  of  oxidation  or  re- 
duction will  not  vary  in  great  degree  with  changes  in  the  concentration  of 
these  bodies,  but  they  may  protect  the  soil  against  reducing  conditions  for  a 
limited  time.  When  the  soil  is  well  aerated  they  are  oxidized,  and  when  the 
oxygen  supply  is  too  low  they  serve  to  supply  oxygen  to  the  soil  constituents, 
so  that  a  large  supply  of  carriers  is  generally  favorable. 

Some  soils  become  highly  reducing  when  water-logged.  The  addition  of 
organic  substance  aids  in  the  production  of  reducing  conditions,  a&  reported 
above  for  peptone,  and  especially  for  dextrose.  There  can  be  no  doubt  that 
other  organic  substances  have  more  or  less  action  of  this  kind.  Now,  a  con- 
siderable amount  of  work  has  been  done  upon  the  toxic  effect  of  green  manure 
in  soils;  this  will  not  be  reviewed  here  in  detail.  The  subject  has  recently 
been  discussed  by  Fred  (10)  in  relation  to  the  failure  of  seedlings.  It  is 
desired  here  to  point  out  only  that  the  toxic  action  of  green  manure  is  not 
well  imderstood;  it  can  in  certain  cases  be  attributed  to  infection  of  the  plants 
with  parasites  (10),  but  naturally  it  is  difficult  to  bring  convincing  proof  as  to 
whether  the  infection  is  the  primary  trouble,  or  a  secondary  one.  It  appears 
well  worth  consideration,  whether  the  primary  trouble  may  not  be  a  high 
intensity  of  reduction. 

SUMMARY 

Oxidation  and  reduction  potentials  are  discussed  as  the  intensity  factor  of 
oxidation  and  reduction.  Measurements  of  the  reduction  potentials  of  bac- 
terial cultures  or  suspensions  showed,  when  suitable  precautions  were  taken, 
constant  potentials  for  the  facultative  anaerobe  B,  coU,  and  for  mixed  cultures 
of  soil  microorganisms  grown  in  a  deep  layer;  the  values  for  the  reduction 
potentials  being  near  the  hydrogen  electrode  potentials.  Measurements  with 
aerobes  {B.  subtilis,  B.  mycoides,  and  a  third  aerobe),  showed  progressively 
increasing  reduction  potentials  with  lapse  of  time,  but  in  no  case  did  the 
reduction  potential  approach  the  hydrogen-electrode  potential  as  closely  as  0.3 
volt.  It  is  thought  that  this  difference  between  anaerobes  and  aerobes  may 
hold  in  general,  but  the  evidence  is  not  conclusive. 

When  soils  were  treated  with  an  excess  of  water  they  became  highly  reduc- 
ing, as  evidenced  by  their  reduction  potentials.  At  the  same  time  their 
hydrogen-electrode  potentials  changed.  In  the  cases  noted  the  changes  of 
hydrogen-ion  exponent  indicated  by  the  hydrogen-electrode  potentials  were 
very  considerable,  the  soils  becoming  less  intensely  acid.^  Accompanying 
the  development  of  reducing  conditions  was  a  production  in  most  cases  of  a 
foul  odor. 

*  Because  of  the  abnormal  properties  of  the  water-logged  soils,  which  might  lead  one  to 
suspect  a  poisoning  of  the  electrode  (even  though  no  evidence  of  poisoning  was  seen),  no 
emphasis  will  be  pUced  on  this  result  at  this  time.  The  result  seemed  to  the  writer  to 
require  confirmation  by  the  colorimetric  method.  However,  Mr.  L.  A.  Hurst  of  this  labora- 
tory has  recently  seen  the  same  result,  using  the  colorimetric  method,  in  the  case  of  a  sample 
ofCaribou  loam. 
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DiflFerent  soils  differed  in  the  rate  at  which  they  became  highly  reducing. 
The  addition  of  dextrose  to  one  soil  favored  the  development  of  reducing 
conditions,  the  efiFect  of  0.1  per  cent  of  dextrose  being  very  pronounced. 

It  is  thought  that  ''sourness''  of  soils  includes  something  beyond  acidity, 
and  that  the  residual  unfavorable  quality  may  be  a  high  intensity  of  reduc- 
tion. A  discussion  is  given  of  the  significance  of  reducing  conditions  and  of 
reduction  potentials  in  soil  study. 
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In  an  earlier  contribution  (1)  we  presented  results  of  our  investigations  on 
the  effect  of  certain  environmental  conditions  on  the  freezing-point  lowerings 
of  the  cell  sap  of  the  roots  and  tops  of  several  crops.  It  was  shown  that  the 
density  of  the  cell  contents  of  the  leaves  of  plants  increases  from  early  morn- 
ing until  noon  and  again  decreases  in  the  evening,  being  lowest  at  night.  The 
loss  on  drying  at  lOO^C.  was  greatest  at  sunrise  and  in  the  evening.  The 
increase  in  concentration  of  the  cell  sap,  however,  continues  after  the  loss  on 
drying  becomes  constant.  On  the  other  hand,  when  the  plants  are  shaded 
the  density  tends  to  decrease  during  the  day  and  no  increase  in  the  loss  on 
drying  is  noted.  As  a  result  of  greenhouse  and  field  studies  it  was  concluded 
that  the  concentration  of  the  cell  sap  of  the  roots  of  plants  is  markedly  and 
rapidly  affected  by  changes  induced  in  the  concentration  of  the  soil  solution  by 
the  addition  of  soluble  salts  as  well  as  a  decrease  in  the  water  content  of  the 
soil  mass.  As  the  water  content  of  the  soil  decreased  the  density  of  the  cell 
sap  of  the  roots  increased,  the  freezing-point  lowerings  approaching  each 
other  at  the  wilting  point.  On  the  other  hand,  the  tops  of  plants  were  found 
to  be  less  sensitive  to  the  changes  in  the  soil  solution.  Interesting  data  were 
obtained  from  crops  grown  on  the  same  and  different  soils  under  field  con- 
ditions. The  dilatometer  was  employed  in  attempts  to  account  for  the  daily 
fluctuations  in  the  freezing-point  lowerings  of  the  cell  sap  of  the  leaves  of 
plants.  Less  water  was  found  to  freeze  in  the  barley  tissue  taken  at  noon 
than  that  sampled  early  in  the  morning. 

It  has  been  considered  advisable  to  repeat  some  phases  of  these  investi- 
gations and  to  continue  others.  Additional  information  has  been  obtained, 
spme  of  which  appears  in  this  contribution. 

WATER  THAT  FREEZES  IN  PLANT  TISSUE  UNDER  DIFFERENT  TEMPERATURES 

The  dilatometer  has  been  employed  in  attempts  to  determine  whether  or 
not  there  is  any  relationship  between  the  concentration  of  the  soil  solution, 
cell  sap  and  the  water  that  freezes  in  plant  tissue  at  different  temperatures. 
In  making  the  determination,  a  sample  of  the  fresh  tissue  is  quickly  weighed 
and  inserted  into  the  bowl  of  the  dilatometer  and  ligroin  added.  Air  bubbles 
are  removed  by  stirring  the  tissue;  the  process  may  be  hastened  somewhat 
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by  means  of  a  vacuum  or  suction  pump.  In  determining  the  amount  of 
water  that  freezes  readily  10  gm.  of  the  tissue  may  be  used  and  the  determi- 
nation made  in  a  freezing  mixture  of  —  l.S°C.  The  dilatometer  is  allowed 
to  remain  without  agitation  until  the  mass  reaches  the  temperature  of  the 
bath,  precautions  being  taken  to  prevent  solidification.  When  this  tempera- 
ture is  attained  the  dilatometer  is  agitated  somewhat  and 'solidification  takes 
place.  When  equiUbriimi  is  estabUshed  the  reading  is  taken.  It  was  found 
advisable  to  use  a  smaller  amount  of  the  tissue  when  emplo3dng  markedly 
colder  baths,  inasmuch  as  there  is  a  tendency  for  freezing  to  occur  before  the 
entire  mass  has  reached  the  temperature  of  the  bath.  With  some  plants  2 
gm.  is  the  most  practicable  amount  while  with  others  four  or  five  may  be 
used. 

Rye,  wheat,  com,  sweet  clover  and  red  clover  were  employed.  The  results 
presented  in  table  1  show  the  freezing-point  lowerings  of  the  leaves  of  several 
crops  and  also  the  amount  of  water  that  froze  at  temperatures  of  —  l.S^C. 

TABLE  1 
The  am&uni  of  water  freenng  in  leaves  of  plants  at  different  temperatures 


CROP 

DATE 

WEIGHT 

OP 

MATERIAL 

IRBBmiG- 

POINT 
DBPRSS- 

sioir 

-  ij-c. 

-4^C. 

COOLED 

TO-15-C. 

TO  -  4-C. 

TO  -  15»C. 

REIROKEN 
AT-4*C. 

Rye 

November  24 
May  17 
November  24 
November  24 
May  15 
June  10 

gm. 
5 

5 
5 
5 

5 
5 

•c. 

0.928 
1.030 
1.107 
0.906 
0.780 
0.578 

u. 
0.90 
0.86 
0.40 
1.22 
1.70 
2.10 

u. 
2.50 
2.40 
2.65 
2.82 
2.70 
2.90 

cc. 
2.55 

2.45 
2.61 

2.70 

*^/*' 

Rye 

Wheat 

2.45 

Sweet  clover 

Clover 

2.61 

Com 

and  —  4°C.  In  addition  determinations  were  made  on  rye  and  clover  leaves 
at  temperatures  of  —  2®C.,  --4**C.  and  —  6**C.,  respectively.  The  results  go 
to  show  that  there  are  wide  differences  in  the  water  that  freezes  in  the  different 
crops  at  the  higher  temperature;  the  crops  that  we  used  having  the  lowest 
concentration  of  cell  sap  as  determined  by  the  freezing-point  method  gave 
up  the  largest  amoimts.  The  differences  are  less  striking  when  the  determi- 
nations are  made  at— 4®C.  or  —  6**C. 

The  amount  of  water  that  readily  freezes  in  plant  tissue  should  be  of 
general  interest  to  plant  physiologists  and  it  is  probable  that  a  knowledge  of 
it  would  be  valuable,  especially  where  the  changes  in  the  concentration  of  the 
cell  contents  of  plants  as  well  as  winter  injury  are  being  investigated. 

The  effect  of  low  temperature  also  was  determined.  The  dilatometer 
containing  the  tissue  was  placed  in  a  bath  the  temperature  of  which  was  main- 
tained at  —  15°C.  until  equilibrium  was  established,  and  then  transferred  to 
the  —  4^C.  bath  and  the  reading  again  taken  when  equilibrium  was  attained. 
Moreover,  the  tissue  was  frozen  at  —  15**C.,  then  thawed  and  refrozen  at 
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— 4°C.  The  low  temperature  increased  somewhat  the  amount  of  water  freez- 
ing in  rye  at  —  4*^C.,  and  decreased  it  somewhat  in  case  of  wheat  and  sweet 
clover.  In  preliminary  experiments  rye  and  clover  leaves  were  subject  to  a 
temperature  of  —  78**C.  but  the  effect  on  the  amount  of  water  freezing  at  the 
higher  temperature  was  sUght.  While  more  water  undoubtedly  froze  at  the 
lower  temperature  the  concentration  of  the  cell  sap  was  such  that  thawing 
occurred  when  the  material  was  warmed  to  —  4®C. 

EFFECT  OF  CONCENTRATION  OF  SOIL  SOLUTION  ON  THE  FREEZING-POINT 
LOWERINGS  OF  ROOTS  AND  TOPS  OF  PLANTS 

The  effect  of  the  concentration  of  the  soil  solution  on  the  freezing-point 
lowerings  of  the  roots  and  leaves  of  plants  at  different  periods  was  studied 
further.  In  addition  the  effect  qf  this  factor  on  the  amount  of  water  in  the 
leaves  freezing  at  —  2.S**C.  and  —  4.5^C.  was  investigated.  The  plants  were 
grown  in  a  house  the  roof  and  walls  of  which  were  made  of  oiled  muslin.  As 
shown  in  plate  2,  the  house  was  so  constructed  that  the  roof  could  be  removed 
and  the  walls  lowered,  thus  admitting  direct  sunUght  and  permitting  a  free 
circulation  of  air.  With  this  arrangement  it  is  believed  that  the  conditions 
in  so  far  as  light  and  air  are  concerned  are  as  nearly  those  of  the  field  as  can 
well  be  obtained. 

A  heavy  sandy  loam  was  used,  the  soil  being  packed  into  3-gallon  jars  by 
hand  so  as  to  reduce  variations  to  a  minimum.  Sufficient  soil  was  added 
so  that  it  could  be  rounded  up  above  the  sides  of  the  jar.  It  was  then  covered 
with  wax  in  order  to  prevent  any  rain  which  might  by  accident  leak  into  the 
house,  from  entering  the  soil.  Water  was  added  through  four  )-inch  glass 
tubes  which  extended  about  an  inch  below  the  surface  of  the  soil  and  5  or  6 
inches  above,  and  also  through  an  inverted  funnel  which  reached  about  half 
way  to  the  bottom  of  the  jar.  Under  the  bowl  of  the  funnel  and  extending 
somewhat  beyond  it  was  placed  a  perforated  paraffined  cardboard  plate  to 
act  as  a  spreader  for  the  water.  By  this  means  a  fairly  imiform  water  content 
could  be  maintained  in  the  soil. 

The  following  concentrations  of  the  soil  solution  were  decided  upon  as  giving 
a  sufficient  range: 


reESznrc-poiMT  depression 

MATERIAL  IN  SOLXmON 

OSMOTIC  PRESSURE 

0.160 
0.317 
0.490 

p.p,m, 
4000 
7920 

12250 

atmospheres 
1.930 
3.821 
5.904 

In  order  to  bring  the  soil  solution  to  the  concentration  desired  MgS04y 
KHsP04  and  Ca(N08)2  were  used  in  the  proportion  recommended  by 
Shive.    These  salts  were  dissolved  in  distilled  water  and  the  resulting  solu- 
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tion  used  to  moisten  the  soil.  The  strength  of  the  solution  necessary  to  use 
to  afford  the  desired  concentration  in  the  soil  was  determined  by  mixing  a 
small  portion  of  the  soil  with  enough  solution  to  give  a  moisture  content 
of  15  per  cent  and  determining  the  freezing-point  lowering  by  means  of  the 
Beckmann  thermometer.  The  concentration  of  the  solution  of  the  soil  also 
was  determined  as  it  was  placed  in  the  jars. 

The  jars  were  taken  down  at  8  a.m.  and  samples  of  the  leaves  obtained  for 
determining  the  loss  upon  dr3dng,  the  freezing-point  lowerings,  and  also  for 

TABLE  2 

The  concerUration  of  the  cell  sap  of  the  roots  and  tops  of  barley  grown  in  soils  of  different  con- 
centration and  the  per  cent  of  water  in  the  leaves  which  freezes.    Period  of  growth  3  days 


SOIL 

TOPS 

point 

Oamotk 
presBOie 

Mobture 
content 

Depreasbnof 
freesinc  point 

Omotic 
pressure 

Lesson 

Per  cent  of  wster 
freesingst 

-  2.S*C. 

-iJ'C. 

•c. 

0.100 
0.284 
0.499 

0.112 
0.255 
0.379 

aim0spk$res 
1.209 
3.423 
6.012 

1.350 
3.074 
4.567 

15.53 
13.88 
14.47 

15.70 
15.33 
15.81 

•c. 
0.909 
0.949 
0.995 

0.847 
0.832 
0.905 

atmospkerts 
10.948 
11.428 
11.980 

10.210 
10.527 
10.90 

Peretnt 
87.74 
88.12 
87.63 

88.05 
88.38 
87.95 

52.92 

55.10 
54.01 

57.32 
57.32 
55.10 

70.56 
73.87 
<».61 

73.87 
73.86 
72.77 

imwASHBo  &oon 

WASKBD  KOOXS 

Depression  of  freezing 
point 

Osmotic  pressure 

Depression  of  freezing 
point 

•c. 

almospkeres 

•c. 

0.400 

4.821 

0.330 

3.978 

0.610 

7.349 

0.430 

5,182 

0.775 

9.334 

0.570 

6.867 

0.365 

4.399 

0.285 

3.435 

0.580 

6.988 

0.395 

4.760 

0.650 

7.830 

0.490 

5.904 

the  measurement  of  the  amounts  of  water  freezing  at  different  temperatures. 
The  soil  was  then  emptied  from  the  jars  and  the  roots  hastily  removed.  A 
portion  of  the  roots  was  freed  as  far  as  possible  from  soil  by  shaking  and  the 
sample  placed  in  a  freezing  tube  which  was  stoppered  and  packed  in  ice. 
Another  portion  of  the  roots  was  washed  free  of  soil  with  distilled  water  and 
dried  between  filter  paper,  care  being  taken  not  to  crush  the  roots.  They 
were  then  placed  in  a  stoppered  tube  and  packed  in  ice  until  the  determi- 
nations could  be  made.  The  soil  was  thoroughly  mixed  and  samples  drawn 
ior  moisture  and  freezing-point  determinations. 
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The  data  rq>resent  the  average  of  duplicate  determinations  on  the  leaves 
of  the  plants  and  soil  from  each  jar  and  where  the  amoimt  of  material  on  the 
roots  permitted.  The  percentage  of  moisture  in  the  tops  and  the  amount 
of  water  freeadng  at  different  temperatures  are  calculated  on  the  wdght  of 
fresh  tissue. 

The  results  obtained  for  barley  after  a  30-day  period  of  growth  are  given  in 
table  2.  In  the  first  set  the  plants  in  the  jars  with  the  lowest  concentration 
of  soil  solution  made  the  largest  growth  but  were  the  worst  infested  with 
mildew.  The  plants  grown  in  the  soil  of  medium  concentration  were  almost 
equal  in  height  to  the  former  while  those  grown  in  the  soil  of  high  concentration 
were  much  smaller. 

In  the  second  set  the  plants  grown  in  the  soil  of  medium  concentration  were 
more  thrifty  than  those  in  the  other  jars.  Where  the  soil  had  a  low  con- 
centration  the  development  was  only  slightly  less,  while  in  the  jars  of  high 
concentration  the  plants  were  somewhat  smaller  and  showed  less  root 
development. 

The  results  in  table  2  show  a  very  slight  tendency  for  the  concentration  of 
the  cell  sap  of  the  tops  of  barley  to  increase  as  the  concentration  of  the  soil 
solution  increases.  The  loss  on  drying  at  lOO^C.  and  the  percentage  of  water 
freeadng  as  determined  by  means  of  the  dilatometer  likewise  show  little 
variation.  More  water  froze  at  —  4.S*'C.  than  at  —  2.5*'C.,  but  there  appears 
to  be  no  relation  between  the  amount  of  water  freezing  at  either  temperature 
and  the  concentration  of  the  soil  in  which  the  plants  were  grown.  On  the 
other  hand,  the  cell  sap  of  the  barley  roots  increased  in  concentration  with 
each  increase  in  concentration  of  the  soil  solution.  This  is  true  for  both  the 
washed  and  the  unwashed  roots. 

On  account  of  the  infestation  with  mildew  it  was  not  deemed  advisable  to 
continue  the  growth  of  barley  for  a  longer  period,  and  in  consequence  com 
was  substituted. 

The  results  for  com  after  a  30-day  period  compose  table  3. 

There  was  not  a  great  deal  of  difference  in  the  growth  of  the  com  in  the  soil 
with  medium  and  with  high  concentration,  but  where  the  concentration  was 
low  the  production  was  about  50  per  cent  less.  This  is  well  shown  by  plate  3, 
figure  1. 

According  to  the  freezing-point  lowerings  of  the  soil  the  concentration  of 
the  soil  solution  was  materially  lowered  and  consequently  the  variations  in 
concentration  were  not  so  great  as  desired  Notwithstanding  this  lack  of 
great  variation  in  the  osmotic  pressure  of  the  soil  solution  at  the  end  of  the 
period  of  growth,  in  the  first  series  there  was  a  decided  increase  in  concen- 
tration of  the  cell  sap  of  the  root^  with  each  increase  in  concentration  of  the 
soil  solution.  In  the  second  series  there  was  an  increase  in  concentration 
of  the  sap  of  the  roots  of  the  plants  grown  in  the  second  jar  over  those 
produced  in  the  first  but  those  in  the  third  showed  no  greater  lowerings 
than  those  of  the  second.    It  appears,  therefore,  that  while  the  concen- 
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tration  of  the  soU  solution  at  the  time  the  experiment  was  completed  did 
not  vary  as  much  as  it  did  originally,  the  effects  of  the  concentrations 
were  still  evidenced  by  the  freezing-point  lowering  of  the  cell  sap  of  the  roots. 

It  is  evident  from  the  data  obtained  that  the  concentration  of  the  cell  sap 
of  the  tops  of  com  is  not  influenced  so  much  by  the  concentration  of  the  soil 
solution  in  which  the  plants  are  grown,  as  is  the  sap  in  the  roots  of  the  plants. 

The  variations  in  the  moistxure  content  of  the  tops  were  small.  The  per 
cent  of  water  in  the  tops  that  froze  at  —  2.5**C.  did  not  change  materially 

TABLE  3 

The  concentration  of  cell  sap  of  the  roots  and  tops  of  corn  grown  in  soils  of  different  concen- 
trations and  the  per  cent  of  water  in  the  tops  which  freaes.    Period  of  growth  30  days 


son. 

TOPS 

Depression 
of  freesing 

Osmotic 
pressure 

Moisture 
content 

of  freezing 
point 

Osmotic 
pressure 

Moisture 
content 

Per  cent  of  water 
freeang  at 

point 

-  2.5X. 

-  4.5'C. 

•c. 
0.085 
0.120 
0.120 

0.075 
0.182 
0.295 

atmospheres 

1.0237 

1.392 

1.447 

0.904 
2.200 
3.556 

per  cent 
15.81 
16.01 
16.28 

16.15 
15.13 
15.87 

•c. 
0.569 
0.550 
0.672 

0.523 
0.575 
0.577 

atmospheres 
6.861 
6.628 
8.101 

6.296 
6.927 
6.952 

percent 
85.52 
84.62 
83.83 

85.14 
84.97 
84.45 

50.71 
51.80 
42.98 

52.92 

55.1 

45.20 

66.12 
63.94 
69.44 

61.73 
63.89 
70.56 

UNWASHED  »OOTS 

WASHED  AOOTS 

point 

Osmotic  pressure 

Depression  of  freesing 
point 

Osmotic  pressure 

•c. 

0.245 
0.387 
0.577 

0.422 
0.590 
0.577  ' 

atmospheres 
2.953 
4.670 
6.957 

5.091 
7.108 
6.957 

•c. 

0.250 
0.313 
0.390 

0.275 
0.380 
0.375 

atmospheres 
3.014 
3.779 
4.700 

3.315 
4.580 
4.519 

except  in  the  case  of  the  plants  grown  in  the  third  jar,  in  which  it  was  appre- 
ciably less.  The  amount  of  water  that  froze  at  —  4.5*^0.  was  greater  than  at 
—  2.5**C.,  the  plants  grown  in  the  third  jar  of  each  series  giving  up  more  than 
the  others.  Apparently  there  is  no  correlation  between  the  concentration  of 
the  cell  sap  of  the  leaves  and  the  per  cent  of  water  that  freezes.  This  view 
is  supported  by  the  results  reported  in  table  1. 

As  previously  pointed  out,  the  concentration  of  the  soil  solution  in  the 
various  jars  has  been  so  reduced  that  the  desired  differences  did  not  exist. 
It  seemed  advisable,  therefore,  to  add  sufficient  quantities  of  the  salt  solution 
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to.  maintain  the  original  concentration.    This  was  accomplished  by  frequently 
adding  small  quantities  of  the  solution. 

At  the  expiration  of  60  days  the  com  in  all  cases  had  set  ears.  The  silks 
were  still  fresh.  The  stalks  in  the  jars  of  the  lowest  concentration  were 
slender  and  the  leaves  of  poor  color.  The  plants  growing  in  the  soil  of  medium 
concentration  were  tall  and  sturdy  and  of  good  color.  Where  the  high  con- 
centration was  used,  the  stalks  were  larger  in  diameter  than  in  the  case  of  the 
jars  of  medium  concentration,  but  much  shorter.    There  was  no  apparent 

TABLE  4 

The  concentration  of  the  sap  of  the  roots  and  tops  of  com  grown  in  soils  of  dijferent  concentrations 
and  the  per  cent  of  water  freezing.    Period  of  growth  60  days 


SOIL 

TOPS 

DeprcsBion 
offrening 

Osmotic 
pressure 

Moisture 
content 

Depression 

offreedng 

point 

Osmotic 
pressure 

Moisture 
content 

Per  cent  of  water 
freezing  at 

point 

-  2.S»C. 

-  4.5'C. 

•c. 

0.145 
0.485 
1.015 

0.170 
0.510 
0.947 

atmospheres 
1.748 
5.844 

12.220 

2.050 
6.145 
11.41 

per  cmt 
13.60 
10.39 
10.41 

13.84 
10.48 
10.71 

•c. 
0.720 
0.807 
0.884 

0.692 
0.797 
0.897 

atmospheres 

8.672 

9.724 
10.648 

8.341 

9.604 

10.810 

percent 
78.24 
79.75 
77.66 

78.97 
79.36 

78.41 

41.88 
52.92 
42.99 

37.48 
41.88 
41.88 

56.5 
59.52 

57.32 

54.5 
59.52 

58.42 

ITNWASSKD  ROOTS 

Depression  of  freesing 
point 

Osmotic  pressure 

Depression  of  freezing 
point 

Onnotic  pressure 

•c. 

0.560 
1.080. 
1.157 

0.540 
1.115 
1.062 

6.747 
13.00 
13.93 

6.507 
13.42 
12.79 

•c. 

0.225 
0.562 
0.842 

0.362 
0.595 
0.627 

atmospheres 

2.712 

6.777 

10.147 

4.369 
7.168 
7.559 

difference  in  the  stage  of  maturity  of  the  plants  in  the  various  jars.  The 
variations  in  growth  are  shown  by  plate  3,  figure  2. 

The  results  of  the  freezing-point,  dilatometer  and  moisture  determinations 
on  the  plants  and  soil  for  the  60-day  period  are  given  in  table  4. 

There  was  a  decided  increase  in  osmotic  pressure  of  the  cell  sap  of  the  tops 
with  the  increase  in  concentration  of  the  soil  solution,  this  being  more  ap- 
parent than  in  the  previous  series,  or  the  one  of  shorter  diuation.  The 
losses  entailed  on  drjdng  the  tops  at  lOO^C.  show  Kttle  variation.  Moreover, 
the  water  freezing  at  —  2.S^C.,  except  in  the  case  of  the  plants  grown  in  the 
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second  jar,  did  not  vary  a  great  deal.  When  a  bath  of  — 4.5^C.  was  em- 
ployed a  larger  amount  of  water  was  froasen,  as  was  noted  in  the  30-day  series. 
The  amount  was  somewhat  less  in  the  plants  |grown  in  the  soils  of  the  lowest 
concentration  than  in  the  others. 

In  case  of  the  tmwashed  roots  the  freezing-point  lowerings  of  the  plants 
from  the  second  and  third  jars  were  greater  than  those  grown  in  the  first. 

In  the  second  and  third  jars  of  each  series  the  concentrations  of  the  root 
sap  of  the  unwashed  roots  appeared  to  be  greater  than  that  of  the  corre- 
sponding tops,  an  unusual 'condition.  ^ 

The  washed  roots  show  a  steady  increase  in  concentration  with  each  increase 
of  osmotic  pressure  of  the  soil  solution. 

In  order  to  make  sure  that  the  increase  in  concentration  was  not  due  to 
an  accumulation  of  soluble  material  on  the  surface  of  the  leaves  rather  than 
to  material  actually  in  solution  in  the  cell  sap,  some  of  the  leaves  were  washed 
with  distilled  water  and  sampled  several  hours  later.  The  results  obtained 
from  the  washed  and  unwashed  leaves  are  set  forth  in  table  5. 

TABLES 
Effect  of  washing  on  the  concentration  of  the  cdl  sap  of  com  leaioes 


•  son. 

UMWASHXD  UAVZS 

WASHID  UEAYIS 

Frecsing-point 

Osmotic  pressure 

Freesinff-point 
depression 

Osmotic-presBiue 

Freesing-polnt 
depression 

Ounotic  pressure 

•c. 

0.145 
0.485 
1.015 

atmospheres 

1.748 

5.844 

12.220 

•c. 
0.720 
0.807 
0.884 

atmospheres 

8.672 

9.724 

10.648 

•c. 
0.645 
0.710 
0.712 

atmospheres 

7.770 
8.552 
8.576 

These  data  show  that  when  washed  the  correlation  between  the  osmotic 
pressure  of  the  cell  sap  of  com  tops  and  that  of  the  soil  in  which  the  plants 
were  grown  largely  disappears.  These  results  substantiate  the  conclusions  of 
the  writers  in  a  previous  paper  (1),  that  the  tops  of  plants  are  less  sensitive  to 
changes  in  concentration  of  the  soil  solution  than  are  the  roots. 

THE  EFFECT  OF  MOISTURE  CONTENT  OF  SOILS  ON  THE  CONCENTRATION 
OF  THE  CELL  SAP  IN  ROOTS  AND  TOPS  OF  PLANTS 

Under  field  conditions  plants  are  subjected  to  extreme  and  quite  rapid 
variations  in  the  moisture  content  of  the  soil.  To  what  extent  the  water 
content  of  the  soils  affects  the  osmotic  pressure  of  the  cell  sap  of  the  roots  and 
tops  of  plants,  as  well  as  the  loss  on  drying  and  the  per  cent  of  water  freezing 
in  the  tops  at  different  temperatures,  is  of  interest.  To  obtain  additional 
information  on  these  points  barley  was  grown  in  S^gallon  jars  of  sandy  loam 
containing  various  amounts  of  moisture.  The  data  obtained  are  presented  in 
table  6. 
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No  differences  were  found  in  the  concentration  of  the  cell  sap  or  in  the  loss 
on  drying  of  the  tops  of  plants  grown  in  soils  of  different  moisture  content. 
However,  the  roots,  both  washed  and  unwashed,  possessed  a  higher  concen- 
tration of  cell  sap  when  grown  in  the  soil  of  lower  water  content    The  per 

TABLE  6 

The  canceniraUoH  of  the  cell  sap  of  roots  and  tops  of  barley  grown  in  soils  of  iiferent  moisture 
content  and  the  per  cent  of  water  in  the  leaves  which  freeees.    Period  of  growth  30  days 


SOIL 

« 

TOM 

point 

Osmotic 
preHoie 

Mobtore 
content 

point 

Omotic 
prcsraro 

MoiSttlTC 

content 

Per  cent  of  water 
freesingAt 

-  2.5*0. 

-  4.5*0. 

•c. 
0.012 
0.100 

0.141 
1.205 

23.29 
15.53 

•c. 
0.903 
0.090 

10.880 
10.948 

88.36 
87.79 

57.87 
52.92 

81.21 
70.56 

uMWAmD  loots 

WASBID  BOOTS 

DcprcHlon  of  freediif 
point 

OmouC  pifssurs 

Depression  of  freesinf 
point 

Osmotic  pressnie 

•c. 

0.335 
0.400 

etWMPMftS 

4.038 
4.821 

•c. 

0.205 
0.330 

•tm&sphtnt 
2.472 
3.978 

TABLE? 

Concentration  of  the  cell  sap  of  the  roots  and  tops  of  corn  grown  in  soils  of  dijferent  moisture 
content  and  the  per  cent  of  water  in  the  leaves  which  freeses.    Period  of  growth  60  days 


son 

TOM 

^S^ 

Osmotic 
presBore 

Moisture 
content 

pdnt 

OsmoUc 
pressure 

Moisture 
content 

Per  cent  of  water 
freesing  at 

point 

-  2  J*C. 

-  4.5*C. 

*C. 
0.412 
0.162 

Btmospktres 
4.965 
7.469 

0.712 
0.592 

V. 
8.576 
7.132 

8.237 
8.376 

pertmU 
44.10 
51.80 

44.10 
51.80 

63.94 
84.88 

imWASHXD  lOOIS 

WASBID  BOOTS 

Depression  of  f reedng 
point 

Osmotic  pressure 

Dq;>re8sion  of  freesing 
point 

OssBOtk  pressure 

•c. 

0.614 
0.357 

7.406 
4.301 

*C. 
0.419 
0.279 

5.055 
3.369 

cent  of  water  that  froze  in  the  tops  was  less  in  those  plants  grown  in  the  soil 
with  lower  water  content,  both  when  a  -2.5*^C.  and  a  — 4.5*^C.  bath  was 
used;  that  is  to  say,  the  water  content  of  the  soil  mass  in  which  the  plant 
grew  affected  the  form  in  which  the  water  existed  in  tl^e  plant  tissue. 
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The  results  obtained  for  com  after  60  days'  growth  are  to  be  found  in 
table  7. 

These  data  substantiate  in  general  the  conclusions  drawn  from  the  results 
obtained  from  the  previous  series.  The  increase  in  the  amount  of  water 
that  froze  in  the  tops  at  —  2.5°C.  with  an  increase  in  water  content  of  the 
soil  was  not  so  regular  as  in  the  earlier  series.  The  amount  of  water  freezing 
at  —  4°C.,  however,  varied  with  thfe  moisture  content  of  the  soiL  In  con- 
sidering these  data  it  must  be  remembered  that  while  the  concentration  of 
the  soil  solution  in  the  soil  of  each  jar  was  quite  low,  yet  that  in  the  soil  con- 
taining approximately  15  per  cent  of  moisture  was  about  ten  times  as  dense 
as  that  of  the  soil  containing  23  per  cent.  It  must  be  admitted,  therefore, 
that  it  is  not  dear  from  this  series  whether  the  differences  in  concentration 
of  the  cell  sap  of  the  roots  is  due  to  the  differences  in  water  content  of  the 
soil  or  the  variation  in  concentration  of  the  soil  solution. 

In  order  to  determine  the  effect  of  different  water  contents  of  the  soil  on 
the  concentration  of  the  roots  and  tops  of  the  plants  growing  in  it,  the  con- 
centration of  the  soil  solution  remaining  the  same,  the  next  series  of  experi- 
ments was  conducted.  Jars  of  sandy  loam  were  made  up  to  10,  15  and  22} 
p>er  cent  moisture  content  and  sufficient  salts  (Shive's  3-salt  nutrient  solution) 
added  to  the  soil  containing  15  and  22}  per  cent  water  to  give  it  practically 
the  same  concentration  as  that  containing  10  per  cent  moisture. 

The  concentrations  in  the  various  jars  at  planting  were: 

Prtedng'^oini 
dspnsnon 

•c. 

10  per  cent  HjO  jars 0.238 

15   per  cent  H»0  jars 0.250 

22J  per  cent  H,0  jars 0.260 

The  results  for  corn  after  a  period  of  30  days'  growth  are  shown  in  table  8. 

Notwithstanding  the  addition  of  salts  the  soil  with  high  moisture  content 
had  less  depression  at  the  conclusion  of  the  experiment  than  the  soil  of  low 
water  content.  On  the  other  hand,  the  concentration  of  the  soil  solutions  in 
the  soils  of  medium  and  of  low  water  content  approached  sufficiently  near  to 
each  other  to  allow  of  some  conclusions  being  drawn  from  the  results. 

There  is  very  little  relation  between  the  moisture  content  of  the  soil  and  the 
concentration  of  the  cell  sap  of  the  tops  and  the  moisture  content  of  the  tops  of 
the  plants  grown  in  soil  of  low  and  of  mediiun  water  contents.  The  per  cent 
of  water  in  the  tops  that  froze  at  —  2.5*^0.  increased  as  the  water  content  of 
the  soil  decreased.  When  a  bath  of  —  4.5*'C.  was  used,  however,  there  was 
very  little  difference  in  the  percentage  of  water  that  froze.  These  results 
are  unlike  those  obtained  from  previous  series  in  which  the  water  content  of 
the  soil  remained  constant  and  the  concentration  of  the  soil  solution  varied,  or 
the  one  in  which  the  moisture  content  of  the  soil  varied,  no  effort  being  made 
to  control  the  concentration  of  the  soil  solution.  This  is  quite  interesting,  as 
it  raises  the  question  of  the  influence  of  soluble  salts  in  the  soil  solution  <hi 
the  free  water  in  plant  tissue  with  soils  of  varying  moisture  contents. 
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TABLES 


ConcentraHon  of  the  M  sap  nf  roots  and  tops  of  corn  grown  in  soils  of  different  moisture 
the  concentration  of  soil  solution  remaining  constant.    Period  of  growth  30  days 


mul 

TOM 

olireexing 
point 

Onnotk 
prcsnire 

Mdsture 
content 

poJnt 

Omotk 
pressure 

Moisture 
content 

Per  cent  of  water 
f  reeling  at 

-  2.S*C. 

-  4  J-C. 

•c. 
0.097 
0.310 
0.242 

0.137 
0.232 
0.275 

1.145 
3.736 
2.923 

1.603 
2.802 
3.315 

ptreent 
23.50 
15.31 
10.77 

21.00 

15.34 

9.86 

•c. 
0.625 
0.642 
0.622 

0.632 
0.650 
0.605 

otmaspktMs 
7.529 
7.740 
7.499 

7.619 
7.830 
7.289 

85.66 
86.58 
84.87 

85.75 
86.01 
85.18 

41.88 
46.30 
52.92 

41.88 
44.10 
52.92 

59.52 
63.94 
63.94 

63.94 

61.74 
61.18 

uirwASEKD  ■con 

wAmD  loots 

Depression  of  f  reesins 

Omotic  pressure 

Depression  of  f  reeang 
point 

Osmotic  pressure 

V. 

•imos^Unt 

•c. 

0.410 

4.941 

0.320 

0.525 

6.326 

0.415 

5.001 

0.672 

8.101 

0.370 

4.459 

0.440 

5.302 

0.365 

4.399 

0.525 

6.326 

0.425 

5.122 

0.665 

8.010 

0.460 

5.543 

SUIOCASY 

The  amount  of  water  that  froze  rcadfly,  or  at  —  1.5*^C.  and  at  lower  tem- 
peratures in  the  leaves  of  several  crops,  was  determined.  Wide  variations 
in  the  amount  of  water  that  easily  froze  in  the  plants  studied  were  found, 
the  greatest  taking  place  in  those  having  low  freezing-point  depressions.  The 
differences  were  much  less  striking  when  lower  temperatures  were  employed. 
Larger  amounts  of  water  were  found  to  freeze  when  lower  temperatures  were 
employed.  Howev^,  subjection  to  very  low  temperature  (—  IS^C.)  resulted 
in  the  freezing  of  no  more  water  at  —  4^C.  when  subsequent  determinations 
were  made  at  that  temperature. 

Considering  all  the  data  presented,  the  conclusion  seems  justified  that  the 
concentration  of  the  cell  sap  of  the  roots  of  the  plants  used  in  these  investi- 
gations is  influenced  quite  decidedly  by  the  concentration  of  the  soil  solution 
in  which  the  plants  are  grown.  While  it  is  probable[that  deteiminations  made 
on  either  the  washed  or  unwashed  roots  do  not  represent  the  true  concen- 
tration of  the  cell  sap  and  while  there  are  some  variations  in  the  results  obtained, 

■OIL  laaNCB,  yoL,  iz,  xo.  4 
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yet  considering  the  data  as  a  whole,  the  above  conclusion  is  warranted.  The 
effect  of  the  concentration  of  the  soil  solution  was  not  so  marked  on  the  con- 
centration of  the  cell  sap  of  the  leaves. 

These  results  substantiate  the  conclusions  drawn  from  work  previously  pub- 
lished. 

Marked  increases  in  the  concentration  of  the  soil  solution  induced  by  the 
addition  of  full  nutrient  solution  of  var)dng  strength,  the  water  content  of 
the  soil  remaining  constant,  did  not  measurably  alter  the  amount  of  water 
that  froze  at  —  2.5°C.  and  "-4*'C.,  respectively.  K  higher  temperatures  had 
been  employed  the  results  might  have  been  somewhat  different 

Corn  and  barley  plants  grown  in  a  soil  of  high,  of  medium  and  of  low  water 
content  possessed  more  easily  freezable  water  when  grown  in  the  soil  of 
higher  water  content.  When  the  water  content  varied  and  the  concentration 
of  the  soil  solution  was  maintained  practically  constant  by  the  addition  of  a 
nutrient  solution,  more  water  froze  at  —  2.5®C.  in  the  leaves  of  the  plants 
grown  in  the  soils  of  low  water  content.  There  was  very  little  difference  in 
the  amount  of  water  that  froze  at  —  4®C.  These  results  are  quite  interesting 
and  s(»newhat  at  variance  with  the  results  obtained  when  both  the  water 
content  of  the  soil  and  the  concentration  of  the  soil  solution  varied. 

It  is  desired  to  call  attention  to  the  possibility  of  utilizing  the  dilatometer 
method  for  investigations  in  plant  physiology. 
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PLATE  1 

Fig.  1.    Plant  house  closed.    Front  view. 
Fig.  2.    Plant  house  dosed.    Rear  view. 


Digitized  by 


Google 


FREEZING-POINT  LOWERING  OF  SOILS  AND  PLANTS  PLATJE 

If.  U.  ycCOOL  AND  C.  E.  MILLAR 


Fto.  1 


Fig.  2 


229 


Digitized  by 


Google 


PLATE  2 
Plant  House  Open 
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PLATE  3 

Fig.  1.  Com.  Period  of  growth  30  days.  Osmotic  pressure  of  soil  solution  at  time  of 
planting:  No.  1,  1.93  atmospheres;  No.  2,  3.821  atmospheres;  No.  3,  5.904  atmospheres. 

Fig.  2-  Com.  Period  of  growth  60  days.  Osmotic  pressure  of  soil  solution:  No.  1, 
1.748  atmospheres;  No.  2,  5.844  atmospheres;  No.  3,  12.220  atmospheres. 
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THE  EFFECT  OF  LEACHING  ON  THE  AVAHABn^ITY  OF 
ROCK  PHOSPHATE  TO  CORN^ 

F.  C.  BAUER 
DeparUneni  oj  SailSf  Agrtcultmal  Experiment  Station,  University  of  Wisconsin 
Received  for  publication  Febrauy  20,  1920 

Insoluble  plant-food  materials  become  available  to  the  plant  only  through 
the  influence  of  some  active  agent.  The  carbonic  acid  in  the  soil  produced  by 
the  growing  plant  and  by  biological  processes,  is  no  doubt  the  most  important 
agent.  The  action  of  carbonic  add  on  insoluble  plant-food  materials,  such  as 
Tock  phosphate,  follows  the  laws  of  mass  action  and  chemical  equilibrium, 
and  may  be  represented  as  follows: 

Ca«(P04)j  +  2H2CO,  ?±  CaJI,  (P04)«  +  CaH,(CO,), 

Any  changes  of  the  masses  or  concentrations  of  the  compounds  of  this 
S3rstem  will  cause  a  change  in  the  equilibrium.  If  a  plant  removes  both  of 
the  soluble  products  formed,  in  the  proportion  produced,  the  reaction  will 
proceed  indefinitely.  If,  however,  the  plant  removes  the  soluble  phosphate 
and  only  a  lesser  proportion  of  the  caldiun  bicarbonate,  a  point  of  equilibrium 
will  be  established  in  which  there  will  be  proportionately  more  of  the  soluble 
caldum  bicarbonate  present.  The  continued  removal  of  the  soluble  phos- 
phate and  only  a  partial  removal  of  the  caldiun  bicarbonate  will  finally  result 
in  such  a  large  accumulation  of  the  caldum  bicarbonate  and  a  consequent 
change  in  the  equilibrimn  that  the  concentration  of  soluble  phosphate  will 
become  insuffident  for  plant  growth.  On  the  basis  of  these  considerations, 
Truog  (9)  has  developed  his  theory  in  regard  to  the  feeding  power  of  plants 
for  insoluble  phosphates,  which  is  stated  as  follows: 

Plants  containing  a  relatively  high  caldum  oxide  content  have  a  relatively  high  feeding 
power  for  the  phosphorus  of  rock  pho^hate.  For  plants  containing  a  relatively  low  caldum 
oxide  content,  the  converse  of  the  above  is  true.  The  explanation  of  this  relation  is  made 
possible  by  means  of  the  laws  of  mass  action  and  chemical  equilibrium. 

Chirikov  (3)  also  believes  that  there  is  a  direct  correlation  between  the 
caldum  needs  of  the  plant  and  its  ability  to  use  insoluble  phosphates. 

^  Part  of  a  thesis  submitted  at  the  University  of  Wisconsm  in  partial  fulfillment  of  the 
requirements  for  the  Degree  of  Doctor  of  Philosophy.  Published  with  the  permission  of 
the  Director  of  the  TVisconsin  Agricultural  Experiment  Station. 

The  writer  wishes  to  express  his  appreciation  for  the  helpful  suggestions  and  criticisms 
tendered  by  Prof.  £.  Truog. 
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In  view  of  this  theory,  it  appears  that  if  in  some  manner  the  soluble  calcium 
bicarbonate  could  be  entirely  or  in  part  removed  by  leaching,  or  even  moved 
about  in  the  soil  medium  or  made  more  soluble  through  the  use  of  certain 
salts,  equilibrium  would  at  least  not  be  established  so  quickly  and  it  would  be 
possible  for  a  relatively  weak  feeding  plant  to  utilize  insoluble  phosphates  to 
a  greater  degree.  An  acid  condition  of  the  soil  which  gives  a  certain  capacity 
to  combine  with  basic  materials  and  hence  remove  calcium  bicarbonate  from 
solution,  has  been  shown  by  Prianichnikov  (6)  KosSowitch  (4)  and  others  to 
increase  the  availability  of  insoluble  calcium  phosphates  to  many  plants. 

EXPERDIENTAL 

Plan  of  work 

The  investigations  reported  herein  were  planned  primarily  to  test  the 
eflFect  of  leaching  on  the  availability  of  rock  phosphate.  As  a  test  crop,  com 
was  selected  because  it  nicely  fulfiUs  the  requirements  of  being  a  poor  feeder 
on  insoluble  phosphates,  uses  only  a  little  caldum,  and  is  a  comparatively 
rapid  grower. 

The  plants  were  grown  in  a  greenhouse  in  2-gallon,  glazed  earthenware 
pots.  Each  pot  was  provided  with  a  f -inch  hole  on  the  side  just  above  the 
bottom  for  drainage.  In  the  unleached  pots  these  holes  were  partly  closed 
with  a  cork  stopper  in  which  a  small  groove  had  been  cut  to  facilitate  air 
movement,  and  to  carry  away  any  excess  water  that  might  be  present.  To 
facilitate  drainage  in  the  leadied  pots  these  holes  were  provided  with  rubber 
stoppers,  through  which  passed  a  slightly  bent  glass  tube,  protected  on  the 
inside  by  a  small  bunch  of  glass  wool.  To  each  pot  was  added  11,000  gm. 
of  pure  white  quartz  sand  with  which  the  phosphate  treatments  indicated  in 
table  1  had  been  thoroughly  mixed. 

Five  seeds  of  a  standard  variety  of  com  were  planted  in  each  pot  and  later 
thinned  to  the  best  three  plants.    All  treatments  were  duplicated. 

The  nutrient  solution  used  was  made  up  from  single-salt  stock  solutions 
which  were  prepared  by  dissolving  separately  in  liter  portions  of  water,  68 
gm.  of  sodium  nitrate,  32  gm.  of  ammonium  nitrate,  20  gm.  of  potassium 
sulfate,  8  gm.  of  magnesium  sulfate,  and  0.4  gm.  of  ferric  chloride.  The 
standard  application  of  these  solutions  was  10  cc.  of  the  first  four,  and  1  cc 
of  the  last,  ^uted  as  desired,  usually  to  1  liter.  The  two  solutions  of  nitrogen 
salts  indicated,  carried  the  same  amount  of  nitrogen.  Only  one  form  of 
nitrogen  salt  was  used  on  a  single  culture,  as  indicated  in  table  1.  After 
growth  was  well  started,  applications  were  made  once  each  week.  Both  the 
phosphoms  and  caldum  had  to  be  secured  by  the  plant  from  the  caldum 
phosphates  mixed  in  the  sand.    Caldum  nitrate  was  applied  to  the  check  pot 

The  moisture  content  of  the  unleached  pots  was  maintained  by  frequent 
wdghings,  at  about  13  per  cent  of  the  weight  of  the  sand.  No  attempt  was 
made  to  maintain  a  definite  mobture  content  in  the  leached  pots,  as  the  plants 
were  grown  under  well  drained  conditions  with  suffident  moisture. 
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Each  week  the  one  set  of  pots  was  leached  with  the  nutrient  solution  until 
approximately  1  liter  of  drsdnage  water  was  secured  from  each  pot.  Later 
these  leachings  were,  made  twice  a  week.  The  solutions  from  the  leachings 
were  filtered  inmiediately  through  Pasteur-Chamberland  day  filters,  and  the 
filtrates  retained  for  determinations  of  the  calcimn  content. 

The  plants  were  harvested  just  as  the  tassels  were  beginning  to  appear. 
One  set  of  duplicates  was  used  after  securing  the  green  weights  for  determina- 
tions of  the  plant  sap  acidity  which  is  to  be  reported  in  another  paper  (1). 
A  sample  from  each  pot  was  retained  for  dry-matter  determinations.  The 
other  set  was  harvested,  and  all  the  material  was  weighed  and  dried  for  dry- 
matter  content  and  chemical  analysis.  The  general  appearance  at  harvest 
time  is  shown  in  plate  1. 

Effect  of  treatments  on  plant  growth 

The  data  of  weights  indicating  growth  are  summarized  in  table  1,  and  are 
graphically  shown  in  figure  1. 

Leaching  the  soil  had  a  decided  influence  upon  the  availability  of  the  rock 
phosphate  to  the  com  plant.  This  was  true  where  either  form  of  nitrogen 
salt  accompanied  the  rock  phosphate.  The  smallest  yield  was  secured  from 
the  unleached  pot  (no.  39)  treated  with  NaNOs.  With  this  treatment  the 
soil  solution  probably  became  saturated  with  calcium  bicarbonate,  which 
greatly  hindered  the  further  solution  of  the  phosphate,  as  explained  by  the 
laws  of  mass  action  and  chemical  equilibrium.  Evidently  the  nutrient  solu- 
tion containing  the  NaNOs  had  little  or  no  solvent  effect  on  the  rock  phos- 
phate. The  data  for  the  leached  pot  (no.  47)  show  a  striking  increase  in 
yield.  Under  these  conditions  the  soil  solution  was  freed  from  the  excessive 
amounts  of  calcium  bicarbonate,  and  in  accordance  with  the  laws  of  mass 
action  and  chemical  equilibrium,  more  phosphate  was  brought  into  solution. 
This  increase  in  growth  is  more  clearly  brought  out  in  plate  2  which  shows 
these  plants  after  the  sand  had  been  washed  out  of  the  roots. 

Analogous  results  were  secured  when  NH4NO8  was  used  with  rock  phos- 
phate instead  of  NaNOs.  The  )delds,  however,  were  much  higher  for  both 
the  leached  and  the  unleached  pots.  The  increase  due  to  leaching  under 
these  conditions  was  very  much  greater  than  when  NaNOs  was  used.  These 
differences  could  have  been  due  only  to  the  influence  of  NHUNOs.  Evidently 
this  salt  increased  the  solubility  of  the  calcium  bicarbonate  more  than  NaNOs; 
it  thus  changed  the  point  of  equilibrium  and  caused  the  reaction  making  the 
rock  phosphate  available  to  proceed  with  greater  rapidity.  The  NH4NOS, 
as  is  indicated  further  on,  probably  also  acted  as  a  physiologically  acid  salt. 
The  use  of  NH4NOS  thus  allowed  greater  growth  in  both  the  leached  ajid  the 
imleached  pots  than  NaNOs.  The  greatest  growth  of  all  was  produced  with 
a  combination  of  rock  phosphate,  NEUNOs  and  leaching  (pot  51). 

SOIL  mxmncm,  tol.  oc,  mo.  4 
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Fn.  t.  Enraer  of  Leaching  on  the  Weight  of  Dry  Matiek,  and  Content  of 
Fhosfhorus,  Calciuu  and  Nitrogen  of  Corn  Grown  with  the  TftEATUENTS 

Indicated 


Digitized  by 


Google 


ETFECT  OF  LEACHING  ON  ROCK  PHOSPHATE 


239 


Leaching  the  pots  treated  mih  acid  phosphate  gave  poorer  results  than  no 
leaching.  In  fact,  the  results  due  to  leaching  with  add  phosphate  are  just 
the  opposite  to  those  secured  with  rock  phosphate.  WiUi  NaNOs  leaching 
definitely  decreased  the  yield  but  not  excessively.  With  NBUNOj,  however, 
leaching  very  decidedly  decreased  the  3deld,  and  the  poorest  3aeld  of  all  cul- 
tures, outside  the  chedL  pot,  was  produced  in  the  leached  pot  (no.  49)  where 
add  phosphate  was  used  with  NEUNQs.    Here  it  appears,  as  will  be  shown 

TABLE  1 

The  green  and  dry  weighls,  waitr  canteni,  and  eomparaUve  dry  weights  of  earn  produced  wUk 

treatments  indicated 


35 

37 

45 

39 

47 

41 
49 

43 
51 


niATHxira* 


Check. 


Acid  phosphate,  NaNO^,  unleached. 
Add  phoq>hate,  NaNO^,  leached. . . . 


Rock  phcMphate,  NaNO^,  unleached . 
Rock  pho4>hate,  NaNOk,  leached. . . 


Add  phoq>hate,  NHiNOb,  unleached . 
Add  photphate,  NH|NO^,  leached. .. . 


Rock  phoqihate,  NH«NQi,  unleached. . 
Rock  phoq>hate,  NH«NQi,  leached. . . . 


AVKRAOS  WXI0BT8  OF 


Graen 


I 


7.0 

236.9 
225.2 

72.0 
126.9 

209.6 
68.8 

194.4 
306.3 


18.1 


146.2 
113 


82. 
99. 


74.0 
133.3 


Diy 


Sm, 
1.9 

45.2 
0 


039 


618 
923 


92.6131.2 
53.8 


38.8 
58.9 


im, 
1.2 

13.3 
8.4 

6.2 
6.9 

6.0 


8.2 
10.5 


4.2 

100.0 
86.3 

40.5 
51.7 


69.085 
7.0  3.0|  15.489 


85.8 
130.3 


WATIKAS 

psa 

oro 


80.0 
80.9 


73.693. i 

80.990.0 
82.792.6 

74.692.4 
81.593.1 


.193.6 
794.5 


88.9 
92.1 


*  Phoq>hate  applications  on  the  acre  basis  were  400  pounds  of  add  phoqihate  and  2000 
pounds  of  rock  phosphate. 

t  Growth  with  treatment  of  add  phoq>hate,  NaN(^  and  no  leaching,  is  represented  by  100. 

in  the  paper  on  the  hydrogen-ion  concentration  of  the  plant  juices  and  the 
soil  solution  (1),  that  leaching  increased  the  addity  suffidently  to  make  con* 
ditions  unfavorable  for  plant  growth. 

The  effect  of  leaching  where  add  phosphate  was  used  was  evidently  not 
a  question  of  removing  soluble  caldum  bicarbonate,  as  is  the  case  where  rock 
phosphate  was  used,  but  was  one  of  changing  the  environment  in  other  ways, 
which  here  appeared  to  have  rather  marked  injurious  effects.  These  injurious 
conditions  probably  resulted  from  a  lack  of  suffident  basic  material 
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Effect  of  treaiments  on  fUifU  composUion 

Leaching  the  soil  also  increased  the  water  content  of  the  plants.  This  was 
probably  due  to  the  decrease  in  the  concentration  of  salts  in  the  soil  which 
favored  greater  availability  of  water  to  the  roots.  The  percentage  of  water 
in  the  roots  was  greater  than  in  the  tops. 

Table  2  gives  the  content  of  phosphorus,  calcium  and  nitrogen  as  determined 
by  analysis  of  the  tops  and  roots  of  the  plants  grown  with  the  different  treat- 
ments. These  results  along  with  the  dry  weights  are  shown  graphically  in 
figure  1,  where  comparisons  of  the  effect  of  the  various  treatments  may  easily 
be  made. 

TABLE  2 

The  content  of  phosphorus,  calcium,  and  nitrogen  in  com  plants  grown  with  the  treatments 
indicated.    Data  are  averages  of  duplicates 


POT 
NO. 


35 

37 

45 

39 

47 

41 
49 

43 

51 


TKXATMENT* 


Check.. 


uni 
0.0740.063 


Acid  phosphate,  NaNQs)  unleached. 
Acid  phosphate,  NaNOi,  leached — 


Rock  phosphate,  NaNOi,  unleached. 
Rock  phosphate,  NaNOi,  leached. . . 


Acid  phosphate,  NHiNQs,  unleached . 
Acid  phosphate,  NHiNQs,  leached . . . 


Rock  pho^>hate,  NHiNOi,  unleached. 
Rock  phosphate,  NHiNOi,  leached . . . 


PHOSPHORUS 


Tops 


cent 


0.135 
0.086 

0.083 
0.088 

0.258 
0.195 

0.248 
0.402 


Roots 


0.102 
0.075 

0.101 
0.084 

0.212 
0.132 

0.187 
0.248 


Tcfpt 


P^ 
cent 

0.835 


0.571 
0.407 

0.558 
0.386 

0.553 
0.219 

0.616 
0.611 


Roots 


per 

cent 


0.522 
0.297 

0.355 
0.370 

0.433 
0.313 

0.501 
0.459 


Tops 


per 
cent 

2.11 


1.59 
1.95 

1.85 
1.92 

1.96 
3.38 

1.90 
2.66 


per 
0.60 

1.02 
1.84 

1.61 
1.85 

1.73 
2.74 

1.43 
2.07 


<    *  Phosphate  applications  on  the  acre  basis  were  400  pounds  of  acid  phosphate  and  2000 
pounds  of  rock  phosphate. 

Just  as  there  was  a  wide  variation  in  the  amounts  of  dry  matter  produced, 
there  was  also  a  wide  variation  in  the  contents  of  phosphorus,  calcium  and 
nitrogen.  The  degree  and  direction  of  the  variation,  however,  were  not  the 
same  for  the  three  elements. 

Leaching  the  soil  increased  the  phosphorus  content  of  the  com  plant  when 
rock  phosphate  was  used,  and  decreased  it  when  acid  phosphate  was  used. 
The  highest  content  of  phosphorus  occurred  with  NH4NO8.  With  NaNOa 
the  phosphorus  content  was  rather  uniform.  In  general,  the  percentage  con- 
tent of  phosphorus  varied  in  the  same  direction  as  growth,  but  with  smaller 
fluctuations. 

The  calcium  content  of  the  com  plants  was  in  most  cases  greatly  decreased 
by  leaching.    The  increased  growth  due  to  leaching,  when  rock  phosphate 
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was  used,  was  accompanied  by  a  higher  phosphorus  content,  and  in  general, 
a  lower  calcium  content.  This  is  to  be  expected  when  the  availability  of 
rock  phosphate  is  considered  in  connection  with  the  laws  of  mass  action  and 
chemical  equilibrium. 

The  caldtmi  content  of  the  tops  from  all  imleached  pots  was  quite  uniform. 
When  NaNOs  was  used  the  calcium  content  of  the  tops  from  leached  pots 
shows  but  slight  variation,  but  when  NH4NOS  was  used  the  results  are  quite 
divergent.  The  use  of  add  phosphate  and  NH4NO8  with  leaching  (pot  49) 
gave  the  lowest  caldum  content  of  tops  of  all  cultures,  and  the  use  of  rock 
phosphate,  under  similar  conditions  (pot  51),  gave  the  highest  caldum  content. 

The  nitrogen  content  of  the  com  plant  was  increased  by  leaching.  This 
increase  was  expecially  marked  when  NH4N0t  was  used.  With  no  leaching 
the  nitrogen  content  of  all  plants  was  quite  uniform.  Just  why  leaching 
should  have  caused  the  plant  to  take  up  more  nitrogen,  with  no  definite  rela- 
tion to  growth,  is  not  dear.  With  the  NH4N0a  it  may  be  that  the  NBU  ion 
partly  functioned  as  a  base  in  place  of  the  caldum.  With  add  phosphate 
the  caldum  content  was  very  low,  and  this  seems  much  more  probable  than 
with  rock  phosphate,  in  which  case  the  plant  appears  to  have  had  all  the 
caldum  it  needed.  This  explanation  is  in  harmony  with  the  caldum  content 
of  :the  com  plant  as  noted  above. 

Effect  of  treatmefUs  on  the  calcium  content  of  the  drainage  waters 

Table  3  presents  the  data  showing  the  soluble  calcium  derived  from  the 
rock  phosphate  and  removed  by  leaching.  Figure  2  graphically  shows  the 
influence  of  NH4NO1  as  compared  to  NaNOs  on  the  formation  of  soluble 
caldtmi,  and  hence  availability  of  rock  phosphate.  It  will  be  noted  that  the 
first  leaching  in  both  cases  gave  a  rather  large  amoimt  of  soluble  calcium. 
This,  no  doubt,  represents  the  caldum  of  the  rock  phosphate  that  is  readily 
soluble,  and  explains  why  there  is  but  little  difference  with  the  two  salts  in 
the  first  leaching.  After  the  first  leaching  the  influence  of  the  NH4NO8  on 
the  solubility  of  the  caldum  becomes  more  and  more  marked. 

The  influence  of  NaNOz  and  NHaNOi  on  the  availability  of  rock  phosphate 

The  results  in  table  3  are  in  harmony  with  the  theory  of  the  availability  of 
rock  phosphate  in  relation  to  the  laws  of  mass  action  and  chemical  equilibrium. 
Sodium  nitrate  has  little  or  no  influence  on  the  reaction,  while  NH4NOt  gives 
rise  to  conditions  which  increase  the  solubility  of  the  caldimi  and  change  the 
point  of  equilibritmi  to  a  marked  extent.  This  increases  the  solubility  of  the 
phosphorus  in  the  rock  phosphate  and  allows  greater  plant  growth.  When 
these  larger  amounts  of  caldum  bicarbonate  and  other  soluble  caldum  salts 
are  removed  by  leaching,  the  availability  of  the  rock  phosphate  and  conse- 
quently plant  growth,  is  further  greatly  accderated.    It  will  be  noted  that 
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practically  three  times  (actually  2.9)  as  much  calcium  was  leached  from  the 
pot  (no.  51)  containing  NH4NG^  as  out  of  the  similar  pot  (no.  47)  containing 
NaNQs.  The  growth  in  the  former  was  2.5  times  as  great,  which  is  in  rather 
dose  agreement  with  the  removal  of  calcium. 

The  influence  of  NH4NOS  on  the  availability  of  rock  phosphate  has  been 
observed  by  Kossowitch  (5),  t^rianidmikov  (7)  and  Shulov  (8),  who  explain 
it  as  due  entirely  to  the  action  of  NH4NOS  as  a  physiologically  add  salt 
Burlison  (2),  on  the  other  hand,  who  used  NH4NOS  in  his  nutrient  solution, 
states  that  the  solution  had  no  appreciable  influence  on  the  availability  of 
the  rock  phosphate  in  his  experiments. 

TABLE  3 
The  amounts  of  sduhU  calcium  derived  from  rock  phosphate  and  removed  by  teaching 


mniBSft  OF  DAYS  noK 

TOTAL  CAUaUM  UMOVBD  ROM  SACK  POT 

KATIO  OF  80LUBLB  CAICIUIC 
SXMOVKD  BY  NaNOi 

NaNOi 

NHcNOi 

AMDNHlNOk 

mgm. 

mgm. 

9 

53.88 

53.37 

1.0 

16 

13.63 

18.75 

1.3 

23 

21.63 

27.02 

1.2 

30 

10.38 

23.69 

2.3 

37 

8.25 

15.14 

1.8 

41 

9.37 

30.10 

3.2 

44 

7.4S 

27.32 

3.6 

48 

7.11 

36.19 

5.0 

51 

10.81 

31.72 

3.0 

55 

11.09 

33.02 

3.0 

58 

5.70 

31.21 

5.4 

62 

8.09 

30.50 

3.8 

65 

9.09 

46.18 

5.0 

Total 

176.48 

404.21 

2.3 

Total  without  first.... 

122.60 

350.84 

2.9 

There  is  no  question,  however,  from  the  results  reported  herein,  but  that 
the  NH4NOS  did  have  a  marked  influence  on  the  availability  of  the  rock 
phosphate. 

As  has  been  briefly  indicated,  the  favorable  influence  of  the  NHiNQt  on 
the  availability  of  the  rock  phosphate  may  have  been  due  to  its  effect  on  the 
solubility  of  the  caldum  bicarbonate,  or  to  the  increitsed  addity  resulting  from 
nitrification  or  more  rapid  removal  of  the  NH4-ion  than  of  the  NOrion  by 
the  growing  plant,  or  to  all  these  factors  combined.  The  sharp  upward  bend 
in  the  curve  for  the  NHiNOs  after  about  36  days  of  plant  growth,  shown  in 
figure  2,  indicates  that  the  production  of  soluble  caldum  was  not  alone  depend- 
ent upon  the  direct  chemical  action  of  NH4NOS.  Evidently  the  biological 
factors  acting  on  NHiNQt  became  more  important  at  this  point.    This  is 
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substantiated  by  the  determinations  of  the  hydrogen-ion  concentrations  or 
acidity  which  will  be  reported  in  a  later  paper  (1).  In  all  cases  the  soil 
medium  and  plant  jtiices  were  more  acid  when  NHiNOs  was  used. 

In  order  to  determine  more  fully  the  comparative  direct  chemical  effect  of 
the  nutrient  solutions  containing  either  NH4NQt  or  NaNOi  on  the  solubility 
of  calcium  bicarbonate  and  availability  of  rock  phosphate,  a  battery  of  six 
percolators  was  arranged,  in  which  distilled  water  and  the  complete  nutrient 
solutions,  containing  either  NaNOs  or  NH4NQt»  were  allowed  to  act  with  and 
without  carbon  dioxide  on  rock  phosphate  for  48  hours  at  room  temperature. 
Each  percolator  contained  600  6c.  of  either  distilled  water  or  nutrient  solution 

TABLE  4 

Sohible  phosphorus  and  cakUim  in  successive  extractions  of  roch  phosphate  with  the  sohtOons 

indicated 


ntEATHXHTS 


HaO 

Nutrient  solution  with  NaNQs 

Nutrient  aoludon  with  NHiNQi 

H^O  with  C0» 

Nutrient  solution  with  NaNQs  and  COk. . . 
Nutrient  solution  with  NH«NOi  and  CQ|. . 


ZXTRACnON 

SBOOMD 

xxntAcnoN 

msD 

XXTKACTIOK 

TOTAL  FOR 
TBKXl 

phorus 

Cal- 
cium 

Phos- 
phorus 

Cal- 
cium 

Phos- 
phorus 

Cml- 
cxum 

Phos- 
phorus 

Csl- 
dam. 

p.p,m. 

p.p.»' 

p,p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p,m. 

1.92 

9.62 

0.8 

6.41 

1.28 

8.02 

4.00 

24.05 

2.16 

17.64 

0.56 

8.82 

1.7613.13 

4.48 

39.59 

1.56 

19.25 

1.00 

10.43 

1.68 

11.63 

4.24 

41.31 

5.84 

28.07 

5.00 

17.64 

4.80 

19.25 

15.6464.96 

7.04 

34.49 

5.28 

22.45 

5.8822.86 

18.20 

79.80 

7.76 

42.50 

5.48 

23.26 

5.70 

24.46 

18.9490.22 

TABLE  5 

The  comparative  solubility  effects  on  roch  phosphate  of  nutrient  salts  containing  nitrogen  as 
NaNOi  and  NHiNQi  calculated  from  data  in  table  4 


NUTBIBIIT  SALTS 


Salts  containing  NaNOt. . 
Salts  containing  NHiNQs . 


WRHODTCOt 


Phos- 
phorus 


p.p.m, 
0.48 
0.24 


Calcium 


p.pm, 
5.54 
7.26 


wuhCOi 


Phos- 
phorus 


p,p.m, 
2.56 
3.30 


CdduM 


p,p.m. 

14.84 

25.26 


and  4.6  gm.  of  rock  phosphate,  which  is  the  same  proportion  in  which  these 
materials  were  used  in  the  pot  cultures.  Effective  agitation  was  maintained 
in  the  one  case  by  the  bubbling  of  COs  from  a  tank,  and  in  the  other  by  tlie 
aspiration  of  COrfree  air.  The  results  obtained  are  given  in  table  4.  A 
direct  comparison  of  the  solubility  effects  on  rock  phosphate  of  either  NaNOs 
or  NHiNOs  in  conjunction  with  other  nutrient  salts  may  be  made  by  sub- 
tracting the  amounts  of  soluble  phosphorus  and  calcium  produced  with  the 
distilled  or  carbonated  water  from  the  amoimts  of  these  soluble  materials 
produced  when  the  nutrient  salts  were  added  to  these.  Figures  from  such 
subtractions  are  given  in  table  5. 


Digitized  by 


Google 


EFFECT  OF  LEACHING  ON  KOCK  PHOSPHATE  245 

The  nutrient  solution  containing  either  NaNOg  or  NEUNQs  increased  the 
availability  of  the  rock  phosphate  to  some  extent  over  that  of  water.  Without 
CO2  there  was  but  little  difference  in  the  effect  of  the  two  salts.  With  the 
addition  of  COt,  which  makes  the  conditions  more  closely  comparable  to  those 
in  pot  cultures,  the  NHiNOs  was  more  effective  than  the  NaNQs,  especially 
in  the  production  of  soluble  caldtmi.  From  the  data  presented  it  appears 
that  the  influ^ice  of  NH4NO8  upon  the  availability  of  rock  phosphate  is  only 
in  part  due  to  its  effect  on  the  solubility  of  the  calcium  bicarbonate.  Its 
capacity  to  produce  an  add  medium,  as  has  been  found,  by  acting  dther  as 
a  physiologically  add  salt  or  by  becoming  nitrified,  is  probably  an  important 
factor  in  this  connection. 

GENERAL  DISCUSSION 

The  data  presented  herein  show  that  leaching  the  soil  increases  the  availa- 
bility of  rock  phosphate  to  com.  This  fact  is  manifested  by  increased  growth 
and  a  higher  percentage  content  of  phosphorus  in  the  plant.  Accompan3dng 
the  increase  in  growth,  there  is  found  a  proportionate  increase  of  caldum 
in  the  solutions  from  the  leachings  and  a  lower  percentage  content  in  the 
plant.  These  results  are  readily  explained  by  the  laws  of  mass  action  and 
chemical  equilibritmi,  and  are  in  harmony  with  Truog's  theory  (9)  concerning 
the  utilization  of  insoluble  phosphates  by  crops. 

Carbonic  add  is  no  doubt  the  principal  agent  in  these  reactions.  The 
soluble  calcium  in  the  leachings  and  the  results  obtained  indicate  this.  The 
main  source  of  carbonic  add  in  quartz  cultures  of  this  kind  is  that  which  is 
excreted  by  the  growing  plant  through  its  roots.  As  it  is  formed  and  comes 
in  contact  with  the  rock  phosphate  both  soluble  phosphorus  and  soluble 
caldum  bicarbonate  are  produced.  These  compounds  are  in  equilibrium 
with  the  insoluble  phosphate  and  the  carbonic  add.  The  corn  plant  has 
greater  need  proportionally  for  the  soluble  phosphate  than  it  has  for  the  soluble 
calcium;  hence  the  soluble  phosphorus  is  assimilated  and  much  of  the  caldum 
is  left  behind.  As  the  calcium  bicarbonate  accumulates  in  the  soil  it  tends 
to  bring  about  equilibrium  and  thus  suppress  the  formation  of  soluble  phos- 
phorus. When  this  condition  exists,  the  plant  has  access  to  large  amounts 
of  available  caldtmi  but  little  phosphorus,  and  consequently  the  plant  shows 
a  high  caldum  and.low  phosphorus  content  and  a  stunted  growth.  When 
the  soil  is  leached  the  excess  of  soluble  caldtmi  bicarbonate  is  removed  from 
the  root  zone  and  thus  the  point  of  equilibriimi  in  the  reaction  with  rock  phos- 
phate is  not  so  rapidly  attained,  and  more  phosphorus  becomes  available  to 
the  plant.  Greater  growth  restilts  and  the  plant  shows  a  higher  phosphorus 
and  a  lower  caldtun  content.  Plants  that  have  a  relativdy  large  need  for 
caldtim  would  therefore  be  better  feeders  on  rock  phosphate  than  those  that 
have  but  little  need  for  caldtun,  as  pointed  out  by  Truog. 

BOiL  MmiGX,  TOL.  IX,  MO.  4 
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The  data  show  further  that  accompan3dng  fertilizers  may  directly  increase 
the  solubility  of  the  calcium  bicarbonate  or  even  produce  an  add  medium 
and  thus  increase  the  availability  of  the  rock  phosphate  by  delaying  the 
rapidity  with  which  the  equilibrium  is  established.  Anmionium  nitrate  as 
compared  with  sodium  nitrate  shows  marked  influences  in  these  respects. 
Nearly  three  times  as  much  soluble  calcitmi  was  found  in  the  leachings  from 
the  NH4N08-treated  pots  as  in  those  from  the  NaNOt-treated  pots.  This 
indicates  that  there  should  be  a  proportionate  increase  in  the  soluble  phos- 
phorus formed  and  consequently  greater  growth.  The  results  show  that 
growth  increased  in  about  the  same  ratio. 

SUMMARY 

1.  Leaching  the  soil  increased  the  availability  of  rock  phosphate  to  com 
by  removing  the  excess  of  soluble  calcium  bicarbonate  and  other  soluble 
calcitmi  salts.  These  results  are  in  accord  with  the  laws  of  mass  action  and 
chemical  equilibritmi. 

2.  Ammoniimi  nitrate  had  a  marked  influence  on  the  solubility  of  rock 
phosphate  to  com,  due  to  its  favorable  effect  on  the  solubility  of  calcitmi 
bicarbonate,  and  its  capacity  to  produce  an  acid  meditim  either  by  acting  as 
a  physiologically  acid  salt  or  by  becoming  nitrified. 

3.  Sodimn  nitrate  had  no  appreciable  influence  on  the  availability  of  rock 
phosphate. 

4.  The  soluble  caldmn  leached  from  the  pots  treated  with  rock  phosphate 
imder  the  influence  of  NaNOi  and  NH4NO3  was  f  oimd  to  be  in  the  ratio  of 
1 :2.9.  The  growth  ratio  of  com  imder  the  same  conditions  was  1  :.2.5 ,  showing 
therefore,  a  rather  definite  relation  between  the  caldum  leached  out  in  solu- 
tion and  plant  growth. 

5.  Leaching  caused  a  decrease  in  the  production  of  dry  matter  where  add 
phosphate  was  used. 

6.  Ammonitim  nitrate  with  add  phosphate  appeared  to  cause  a  physio- 
logical disturbance  in  the  plants,  especially  with  leaching.  This  was  probably 
due  to  the  insuffidency  of  basic  material. 

7.  The  phosphorus  content  of  the  com  plants  increased  with  increased 
growth. 

8.  Leaching  decreased  the  caldimi  and  increased  the  nitrogen  content  of 
the  plants. 

9.  Leaching  increased  the  water  content  of  the  plants,  as  a  restilt,  tmdoubt- 
edly  of  the  lessened  concentration  of  soluble  salts  in  the  soil  medimn. 
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PLATE  I 

The  Effect  of  Leaghino  and  of  the  Fohm  of  Phospbats  and  Nitrogen  Salt  on  the 

Growth  of  Corn 

Pot  HO.  Troatmmi 

35  Check 

37  Add  phosphate,  NaNOs,  unleached 

45  Acid  phosphate,  NaNOs,  leached 

39  Rock  phosphate,  NaNO),  imleached 

47  Rock  phosphate,  NaNQs,  leached 

41  Acid  phosphate,  NH4NO1,  unleached 

49  Acid  phosphate,  NHiNOi,  leached 

43  Rock  phosphate,  NHiNQs,  unleached 

5 1  Rock  phosphate,  NHiNQs,  leached 
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I>1.ATE   2 
The  Effect  of  Leaching  on  the  Availability  of  Rock  Phosphate  to  Corn 

Pol  no.  Treatment 

1  Leached  (pot  45) 

2  Unleached  (pot  39) 
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THE  LIME  REQUIREMENT  OF  SOILS  ACCORDING  TO  THE 
VEITCH  METHOD,  COMPARED  WITH  THE  HYDROGEN-ION 
CONCENTRATION  OF  THE  SOIL  EXTRACT 

A.  W.  BLAIR  AND  A.  L.  PRINCE 
New  Jersey  Agricultural  Experiment  Station 

ReodTed  for  pablicatioa  Much  5. 1920 

The  measurement  of  the  hydrogen-ion  concentration  of  solutions  has  recently 
come  into  quite  general  favor.  When  the  proper  apparatus  has  been  set  up 
or  color  standards  prepared,  it  is  a  rapid  method  and  gives  very  satisfactory 
results. 

Thus  far,  the  method  has  not  been  widely  used  by  soil  investigators.  Gil- 
lespie (2)  has  reported  electrometric  and  colorimetric  results  on  22  samples 
of  soil  from  different  parts  of  the  country.  Gillespie  and  Hurst  (3,  4)  have 
used  this  method  to  determine  the  reaction  of  potato  soils  in  relation  to  the 
presence  or  absence  of  the  scab  fungus  and  it  is  quite  possible  that  it  may 
have  a  wide  application  in  this  connection. 

Martin  (8)  has  used  it  for  the  same  purpose  and  also  for  determining  the 
relative  hydrogen-ion  concentration  of  extracts  from  soils  to  which  varying 
amounts  of  sulfur  were  appUed. 

^.  It  is  not  quite  dear  to  what  extent  the  method  may  be  employed  in  the 
determination  of  the  lime  requirement  of  soils.  In  this  connection,  Gillespie 
and  Hurst  say: 

It  will  be  recalled  that  the  intensity  of  acidity  b  measured  by  the  hydrogen-ion  concen- 
tration^, and  that  it  bears  in  general  no  simple  or  direct  relation  to  the  quantity  of  acid  present. 
It  lias  been  shown  many  times  that  the  hydrogen-ion  concentration  possesses  a  greater  sig- 
nificance in  biochemical  processes  than  the  quantity  or  concentration  of  acid  substance.  It 
is  therefore  entirely  possible  that  certain  problems  of  soil  fertility,  especially  those  relating 
to  the  necessity  or  desirability  of  liming  for  any  specific  crop,  which  have  not  as  yet  been 
solved  by  means  of  determinations  of  "lime  requirement,"  may  be  solved  by  measurements 
6f  hydrogen-ion  concentration. 

Sharp  and  Hoagland  (11,  12)  have  made  determinations  of  hydrogen-ion 
concentrations  of  suspensions  of  unground  soil,  of  soil  ground  to  pass  a  200- 
mesh  screen  and  of  heated  soil.  They  also  used  the  electrometric  titration 
method  in  an  attempt  to  determine  the  lime  requirement  by  adding  to  the  soil 
suspension,  standard  caldimi  hydroxide  until  a  definite  alkaline  solution  was 
obtained.    This  work  they  supplemented  by  pot  and  beaker  studies. 

Kappen  and  Zapfe  (6)  determined  the  titratable  acidity  and  the  hydrogen- 
ion  concentration  in  extracts  of  peat  soils  and  of  peat  and  himius-forming 

plants. 
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Hoagland  and  Sharp  (5)  have  studied  the  hydrogen-ion  concentration  of 
soil  suspensions  under  various  partial  pressures  of  carbon  dioxide. 

Plummer  (9)  used  the  hydrogen  electrode  in  determining  the  reaction  of  a 
large  number  of  untreated  soils  in  suspension.  He  also  determined  the  reac- 
tion of  soils  that  had  received  different  fertilizing  materials. 

Rice  and  Osugi  (10)  heated  soil  with  a  solution  of  cane  sugar,  determined 
the  quantity  of  invert  sugar,  and  in  another  portion  of  the  filtrate  determined 
the  hydrogen-ion  concentration  by  the  color  method  of  Sdrensen. 

In  some  recent  work  in  connection  with  the  lime  experiments  which  are 
being  conducted  at  this  station,  the  authors  had  an  opportunity  to  compare 
lime  requirement  data  secured  by  the  Veitch  method  with  the  hydrogen-ion 
concentration  of  water  extracts  from  the  same  soils.  We  do  not  maintain  that 
results  obtained  by  the  one  method  may  be  directly  interpreted  in  terms  of 
the  other,  but  feel  that  the  data  secured  are  of  sufficient  importance  to  warrant 
publication.  The  soils  in  question  were  taken  from  plots  which  are  laid  out 
in  four  different  5-year  rotation  S3rstems,  with  seven  plots  for  each  system* 
For  a  full  description  of  these  plots  and  the  lime  treatment  see  Lipman  and 
Blair  (7).    The  lime  treatment  for  each  rotation  system  is  as  follows: 

Plotl check  (no  lime) 

Fk>t  2 i  ton  caldumliinestoiie  per  acre 

Fbt  3 Iton  calcium  limestone  per  aae 

Plot  4 2  torn  caldum  limestone  per  acte 

Plot  5 |ton  magneaiaa  limftstone  per  acre 

Plot  6 Iton  magnesian  limestone  per  aae 

Plot  7 2  tons  magnfmian  limestone  per  acre 

The  soil  is  a  Sassafras  loam  inclining  to  the  gravelly  phase.  Previous  to 
1908,  the  land  had  been  neglected  for  a  number  of  years.  Limestone  was 
applied  in  accordance  with  the  above  plan,  first  in  the  spring  of  1908  and  again 
in  the  spring  of  1913  and  of  1918. 

The  four  rotations  as  carried  out  during  the  period  of  1913  to  1917  were  as 
follows: 


moTATKw  l,non  31-27 

moTATiotf  2,  noit  3S-J4 

ftOTAxnxH  3,  noit  35-41 

BoxAxuNfi  non4a-a 

1913 

Com  (rye,  vetch, 

Com  (rye,  vetch, 

Com    (rye,   vetch, 

Com  (rye,  vetch. 

cnmson  clover) 

crimson  clover) 

cnmson  clover) 

cnmson  clover) 

1914 

Oats  (soybeans  and 

Pbtatoes 

Pbtatoes  (rye) 

OaU  and  peas,  mil- 
let 

1915 

Wheat 

Rye 

Tomatoes    (rye, 
clover) 

Rye  and  vetch,  rape 

1916 

Timothy  and  clover 

Timothy  and  clover 

Lima  beans   (rye, 
vetch,  crimson 
clover) 

Rye,  cowpeas  (rye) 

1917 

Timothy  and  clover 

Timothy  and  clover 

Cucumbers  (rye 
and  vetch) 

Oats  and  peas,  cow- 
peas 
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For  the  period  of  1908  to  1912  the  crops  were  practically  the  same  as  for 
1913  to  1917. 

TABLE  1 

Lm0  reqmremetU  and  hydrogen-4on  concentraUon  of  soils  from  flais  thai  have  received  differetU 

quantities  of  Ume 


wtax 

WUMBBE 

BMCIAL  nXAHONT 

um  (CaO)  UQunx- 
iiKiviPu2/N)0,000 

VOUMDSOViOIL 

pH 

VA&xntt, 
1919 

1913 

1919 

Rotation  1:  General  farm  crops 

21 
22 
23 
24 
25 
26 
27 


Nothing 

0.5  ton  CaCQi  per  acre 

1.0  ton  CaCQi  per  acre 

2.0  tons  CaCQi  per  acre 

0.5  ton  CaCC^MgCQi  per  acre. . 
1.0  ton  CaCO^gCQi  per  acre. . 
2.0  tons  CaCOkMgCQi  per  acre. 


!bs. 

lbs. 

1,200 

1,500 

1,000 

500 

600 

400 

000 

000 

600 

400 

700 

100 

000 

000 

5.4 
6.1 
6.7 
7.2 
6.0 
6.5 
7.0 


Rotation  2:    General  farm  crops 


28 
29 
30 
31 
32 
33 
34 


Nothing 

0.5  ton  CaCQi  per  acre 

1.0  ton  CaCQi  per  acre 

2.0  tons  CaCQi  per  acre 

0.5  ton  CaCCMifgCOk  per  acre. . 
1.0  ton  CaCOftMgCQi  per  acre. . 
2.0  tons  CaCOkMgCQi  per  acre. 


800 

1,200 

800 

400 

600 

000 

100 

000 

700 

800 

400 

000 

300 

000 

5.8 
6.0 
6.5 
7.1 
6.3 
6.7 
6.9 


Rotation  3:  Com,  potatoes,  maricet  garden  crops 


35 
36 
37 
38 
39 
40 
41 


Nothing...: 

0.5  ton  CaCX^  per  acre 

1.0  ton  CaCX)k  per  acre 

2.0  tons  CaCOi  per  acre 

0.5  ton  CaCObMgCOk  per  acre. . 
1.0  ton  CaCOftMgCOk  per  acre. . 
2.0  tons  CaCObMgCOk  per  acre. 


1,100 

1,600 

800 

1,200 

600 

200 

400 

000 

1,100 

800 

700 

600 

500 

000 

5.5 
6.1 
6.3 
7.1 
6.2 
6.5 
6.9 


Rotation  4:  Forage  oops 


42 
43 
44 

45 
46 
47 
.48 


Nothing 

0.5  ton  CaC(^  per  acre 

1.0  ton  CaC(^  per  acre 

2.0  tons  CaCOk  per  acre 

0.5  ton  CaCX)^gCOk  per  acre. . 
1.0  ton  CaCO^gCQi  per  acre. . 
2.0  tons  CaCObMgCOk  per  aae. 


1,200 

800 

1,100 

600 

700 

400 

600 

000 

1,100 

400 

500 

200 

300 

000 

5.4 
6.0 
6.3 

7.r 

6.2 
6.4 
6.9 


The  samples  of  soil  were  collected  during  the  fall  of  1919  so  that  some- 
thing over  a  year  had  elapsed  since  the  last  application  of  limestone.  In 
collecting  the  samples,  nine  borings  were  made  at  different  points  in  the 
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tV-ftcre  plot  and  these  were  then  thoroughly  mixed;  brought  to  the  laboratory 
where  they  were  dried  and  passed  through  a  1-nun.  sieve  preparatory  to 
anal3rsis.  Lime-requirement  determinations  were  made  by  the  Veitch  method 
and  at  the  same  time,  the  hydrogen-ion  concentration  of  the  soil  extract  was 

Pounds  CsCX^  FhrAcre  Fbuncfs  CcCd^MyCO^/irAcr^ 

LBSO  fOOO         2COO       MJOO     LBS  O  K>00       ^OOO       4COO 

S-4~  "   '  "  ^ 


Fig.  1.    Diagram  ov  pH  Values 

determined  by  using  the  phenolsulfonphthalein  series  of  indicators  suggested 
by  Clark  and  Lubs  (1).  The  soil  extract  was  prepared  by  shaking  15  gm.  of 
soil  with  30  cc.  of  distilled  water  and  centrifuging  until  a  clear  solution  was 
obtained.  The  results  from  the  two  methods  are  shown  in  table  1.  From 
this  it  will  be  noted  that  almost  without  exception  the  lime  requirement 
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decreased  as  the  amount  of  limestone  applied  was  increased.  However,  the 
decreases  are  not  necessarily  proportional  to  the  amount  of  limestone  applied. 
With  an  application  of  1000  pounds  of  CaCOs  the  range  in  lime  requirement 
for  rotations  1, 2  and  4  is  from  600  to  400  pounds  per  acre,  and  the  hydrogen-ion 
exponent  expressed  as  pH,  using  the  terminology  of  Sorensen,  is  about  6.1. 
The  corresponding  sample  from  rotation  3  shows  a  requirement  of  1200  pounds, 
and  a  pH  value  of  6.1.  It  will  be  noted  that  the  pH  vahie  in  these  two  cases 
is  practically  the  same,  and  in  this  connection  it  is  well  to  remember  that  the 


Pounds  CaCCX,  Per  Acts 

Ui%  0  lOOO         £0CO        4O0O 


Fburds  CaCO^MgCQ,  FhrAar 

LBS.  O  9000  taoo         4000 

I60O 


Fig,  2.    Diagram  of  Lime  Requirements  According  to  the  Veitch  Method 

hydrogen-ion  concentration  is  a  measure  of  the  intensity  of  acidity  and  not 
of  the  titratable  acidity.  With  1000  pounds  of  the  magnesian  limestone,  the 
lime  requirement  varies  from  800  to  400  pounds  per  acre  and  the  hydrogen- 
ion  exponent  from  6,0  to  6.3.  With  2000  pounds  of  the  limestone,  both 
calcium  and  magnesium,  the  lime  requirement  varies  from  600  pounds  to  an 
alkaline  reaction,  and  the  hydrogen-ion  exponent  from  6.3  to  6.7. 

With  the  4000-pound  application  of  limestone,  the  Veitch  method  gives 
the  alkaline  reaction  in  all  cases  (this  method,  of  course,  can  not  show  any 
distinction  in  degree  of  alkalinity),  and  the  hydrogen-ion  exponent  varies 
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from  7.1  to  7.2  with  the  calcium  limestone  and  from  6.9  to  7.0  with  the  mag- 
nesian  limestone. 

The  pH  values  over  6.7  require  no  lime. 

Between  pH  =  6.3  and  6.7,    800  pounds  is  the  maximum  requirement 

Between  pH  =  6.0  and  6.3,  1200  pounds  is  the  maximum  requirement. 

Between  pH  —  5.4  and  6.0,  1600  pounds  is  the  maximum  requirement. 

Although  the  lime  requirement  may  fall  much  below  the  maximum  given 
here,  it  would  be  a  distinct  advantage  to  know  the  maximum  requirement 
at  a  certain  hydrogen-ion  concentration. 

Further  work  must  be  done  on  a  variety  of  soil  types  before  any  general 
conclusions  can  be  drawn.  Tests  have  shown  that  soils  containing  high  per- 
centages of  organic  matter,  such  as  muck  soils,  do  not  show  any  direct  rela- 
tionship between  the  hydrogen-ion  concentration  of  the  soil  extract,  and  the 
lime  requirement  by  the  Veitch  method.  In  such  cases  the  lime  requirement 
is  much  higher  than  would  be  expected  from  the  pH  values.  This  is  no  doubt 
due  to  "buffer"  materials  which  are  present  in  such  soils. 

For  the  check  plots  where  no  lime  was  added  the  lime  requirement  varies 
in  the  four  rotations  from  1600  to  800  pounds  and  the  pH  values  from  5.4 
to  5.8. 

The  differences  referred  to  are  more  clearly  brought  out  in  the  accom- 
panying graphs. 

A  study  of  the  pH  values  shown  in  table  1  leads  to  the  following  suggestions. 

SUGGESTIONS 

1.  For  the  samples  tested,  there  appears  to  be  a  fairly  close  correlation 
between  the  hydrogen-ion  concentration  of  the  soil  extract  and  the  lime  require- 
ment as  determined  by  the  Veitch  method. 

2.  Certain  inconsistencies  appear  which  may  be  due  to  the  inaccuracies  of 
the  Veitch  method  or  to  the  lack  of  uniformity  in  the  samples,  or  to  the  in- 
fluence of  "buffer"  substances. 

3.  With  normal  soils,  a  detennination  of  the  hydrogen-ion  concentration 
of  the  soil  solution  may  give  one  some  idea  of  the  amount  of  lime  water  required 
by  the  Veitch  method,  and  thus  Considerably  shorten  this  method. 

4.  Of  the  soils  under  consideration,  those  which  have  a  hydrogen-ion  con- 
centration of  about  pH  =  6.7  or  over,  are  alkaline  by  the  Veitch  method. 

5.  With  further  studies  along  this  line,  it  may  be  possible,  with  normal 
soils,  to  assign  a  fairly  definite  lime  requirement  to  a  given  hydrogen-ion  con- 
centration, so  that  in  many  cases  at  least  a  determination  of  the  hydrogen-ion 
concentration  would  make  a  lime-requirememt  determination  unnecessary. 
If  such  should  prove  to  be  the  case,  the  gain  in  time  will  be  an  important  item. 
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The  work  on  hydrogen-ion  concentration  measurements  of  the  soils  is  still 
in  its  infancy.  Notwithstanding  the  importance  of  such  measurements  in  soil- 
fertility  problems  very  litde  has  been  done  in  this  field.  In  biochemical  work 
hydrogen-ion  concentration  measurements  are  of  enormous  significance  as 
pointed  out  by  Michaelis  (4)  and  Clark  and  Lubs  (1).  Sharp  and  Hoagland 
(5)  report  on  the  acidity  and  absorption  in  soils  as  measured  by  the  hydrogen 
electrode.  Gillespie  and  Hurst  (3)  call  attention  to  the  fact  that  it  is  possible 
to  exploit  hydrogen-ion  concentration  studies  in  problems  of  soil  fertility, 
especially  those  connected  with  ''lime-requirements"  in  general,  and  specific 
crops  in  particular.  The  soil  may  be  looked  upon  in  a  way,  as  a  culture  med- 
ium for  microorganisms  which  have  a  direct  bearing  upon  soil  fertility.  Re- 
action studies  of  the  soil  are  being  conducted  at  the  New  Jersey  station,  and 
this  papef  is  simply  a  report  on  some  work  bearing  indirectiy  on  the  subject. 

The  question  of  how  much  lime  should  be  applied  to  a  particular  field  for 
a  certain  crop  has  not  as  yet  been  answered  satisfactorily  in  the  light  of  studies 
of  the  intensity  of  the  acidity,  as  measured  by  the  hydrogen-ion  concentration 
method.  We  must,  for  the  present,  use  the  old  Veitch  method  and  its  nuiner- 
ous  modifications,  with  all  their  deficiencies.  The  determination  of  the  lime- 
requirement  by  the  Veitch  method  requires  a  preliminary  investigation  on  the 
approximate  addity  of  a  given  soil;  this  is  followed  by  the  trial  method  o{  de- 
termining the  titrable  acidity.  In  this  method  and  many  of  its  modifications 
the  reaction  best  suited  to  the  particular  crop  is  not  taken  into  consideration, 
and  in  this  respect  they  are  of  no  value. 

An  attempt  was  made  to  see  whether  there  is  a  correlation  between  the  lime 
requirement  as  determined  by  the  Veitch  method  and  the  curve  of  pH  values 
resulting  from  the  lime-water  treatment. 

Table  1  gives  a  description  of  the  soils  used  in  the  work,    - 

The  hydrogen-ion  concentration  of  these  soils,  as  expressed  m  pH  values, 
was  determined  by  the  colorimetric  method,  using  the  phenolsulf onephthalein 
indicator  series  as  described  by  Clark  and  Lubs  (1).  The  results  appear  in 
Table  2. 

Those  soils  diat  approached  the  neutrality  point  were  treated  with  Uttie 
lime-water;  this  did  not,  however,  give  any  idea  as  to  how  much  lime-water 
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TABLE  1 
DescnpUan  cf  satis  used 


TTfB  OV  tCHL 


Mud  bottom;  moetJy  vege- 
table leddues 

Savuinah   bottom;    mostly 
■and;  little  oigaok  matter 

Iion-oie  bottom;  mostly  veg- 
etable icslducs 

Mud  bottom;  sandy  soil  with 
much  oi^Biik  matter 


Same  as  4,  but  leas  oi^Biik 

matter 
Still  leas  oi^Biik  matter 

Mostly  sand 


4000  pounds  of 
limestone  per 
acre  applied  in 
1914. 


Good  oanberry-piodudngsofl 


Good  cnnbeny-piodticing  sofl 


Good  aanbeny-pioducing  soil 


FInt  lia]f4nch  surface  sofl 


Second  half-inch  surfue  sofl 

From  nnt  to  second  indi 

depth 
From  second  to  fourth  inch 

depth 


Son  8,  9,  10,  11,  ii 

\  a  check  on  4,  5,  6, 

7;  no  WwM^  upplitd 

12 

Mud  bottom;  much  oigsnic 
matter,  resembles  aofl  8 

Concentrated  sul- 
furic   add   ap- 
plied   to    km 
weeds 

13 
14 

Savannah   bottom;   mostfy 
isnd 

Mud  bottom;  sandy  sofl  with 
much  oi^Bnic  matter 

4000    pounds    of 
limestone     per 
acre  applied  in 
1918 

rs 

Iron-oie  bottom;  veiy  little 
oi^snic  matter 

16 

Mud  bottom;  lame  as  14 

Check  on  soil  14 

17 

Mostbr  sand;  some  unde* 
caycd  vegetobk  matter 

Sulfuric  add  ap- 
plied    to     kill 
weeds,  followed 
by  limestone  to 

No  cianbctiics 

18 

Same  as  17 

Add  applied,  but 
nolhne 

Nocianbcniss 

•- 
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LOOKA^ 

torn 

rm  ov  SOIL 

XKBAXMBMT 

WOiMMMM 

MUMBBft 

19 

Mostly  sand,  bat  conaider- 

Sulfuric  add  ap- 

Nocranbeiries 

able  vegetable  matter 

plied  first,  then 

20 

Same  as  19 

Add^ipHedbutno 
rock  phosphate 

No  cranberries 

21 

Mostly  vegeuble  residues 

No  treatment 

First  half-mch  of  surface  soil 

22 

Same  as  21  but  a  little  sand 
in  addition 

No  treatment 

Second  half  mch  of  soil 

23 

No  treatment 

From  first   to  second   inch 

depth 

table  residue 

24 

Same  as  23  with  somewhat 

No  treatment 

From  second  to  fourth  Inch 

depth 

TABLE  2 
Hydrogpth44m  ccncentratUm  of  sails  combed  untk  lime  requkemmi  according  to  the  Veikk 

method 


SABraAXOKT 

LDCK-WATn  KS- 

QUIUD  VOE  NEUnAU- 

SAXIDM  A8  DBTEBIOMID 

BY1BXVXITCR 

MXIHOD  (1  OC.  07 

uiawAna-0.009607 
OM.CaO). 

pH  VALm  BSIOIX 

KVAVOlATOfO  8A1CP£E 

fOK  TBS  UMB  Rl- 

pHVALUBARBE 

TEEATimiT 

HATUnr  BY  THE 
VXnCB  KBXHOD 

BVAVOBAnOK 

cc. 

1 

5.2 

50.00 

6.9 

8.2 

2 

4.8 

25.00 

7.2 

8.0 

3 

5.2 

49.00 

7.0 

8.0 

4 

7.0 

1.00     ^ 

6.8 

7.9 

5 

6.4 

5.00 

6.8 

8.0 

6 

6.2 

10.00 

6.6 

8.0 

7 

5.8 

10.00 

6.8 

8.1 

8 

5.0 

48.00 

7.0 

7.9 

9 

5.4 

26.00 

6.9 

7.9 

10 

5.0 

40.00 

7.0 

8.1 

11 

5.4 

15.00 

7.1 

8.2 

12 

5.0 

52.00 

6.8 

8.0 

13 

5.4 

22.00 

7.0 

8.2 

14 

6.0 

30.00 

8.0 

15 

6.2 

8.00 

6.7 

8.2 

16 

4.4 

40.00 

6.6 

8.0 

17 

4.6 

45.00 

7.1 

8.2 

18 

4.2 

60.00 

6.8 

8.0 

19 

4.4 

45.00 

7.0 

8.2 

20 

4.2 

65.00 

6.6 

8.0 

21 

4.0 

78.00 

6.8 

8.0 

22    - 

4.0 

65.00 

6.9 

8.2 

23 

4.1 

60.00 

6.9 

8.2 

24 

3.9 

50.00 

6.9 

8.2 
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was  to  be  used.  The  procedure,  therefore,  consisted  of  the  regular  Veitcfa 
method.  With  every  trial,  on  a  fresh  addition  of  lime,  the  pH  values  were 
determined  before  and  after  evaporation.  In  the  case  of  the  sandy  soil  sam- 
ples, which  are  rather  poor  in  organic  matter,  less  lime-water  was  required 
to  reach  the  maximum  (the  point  where  the  solution  turns  pink  after  evapor- 
ating the  filtrate,  in  the  Veitch  procedure)  independently  by  the  initial  pH 
value  than  with  those  that  had  a  higher  humus  content.  This  can  easily  be 
seen  in  table  2.  Samples  1  and  3,  soils  consisting  chiefly  of  organic  material, 
required  49  and  50  cc.  of  lime-water,  although  the  original  pH  value  was  5.2 
in  each  case,  while  sample  2,  which  was  of  a  sandy  nature,  requited  only  25 
cc.  with  an  original  pH  value  of  4.8,  i.e.,  a  more  acid  reaction  than  either 
samples  1  or  3.    The  same  is  noticeable  in  the  case  of  the  other  samples. 
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y^'^^ 

r 

1/- 

^^ 

^'^ 

■> 

• 

r                 4 

0                         * 

9                           \ 

9                     i 

«             i 

w         i 

^ 

FcG.  1.  CusvES  OF  Hydsogen-Ion  Concentration  of  Saicples  14,  21,  22,  23  and  24 

The  explanation  for  this  is  apparent.  The  sandy  soil  has  no  buffers  and  the 
addition  of  lime-water  increases  the  concentration  of  the  hydroxyl-ions,  which 
combine  with  the  hydrogen-ions,  forming  water;  in  the  case  of  the  soOs  with 
a  large  amount  of  organic  substance,  the  amount  of  buffer  is  much  larger  and 
thus  prevents  the  suppression  of  the  hydrogen  ions. 

The  amount  of  buffer  in  soOs  with  an  abundance  of  plant  residues  will  differ 
with  each  soil;  the  slightest  change  in  the  organic  substances  will  {»oduce  a 
different  amount  of  complex  organic  compounds  with  different  degrees  of 
buffer  action;  the  amount  of  buffer  can  be  measured  when  the  hydroxylions 
reach  a  point  where  the  buffer  has  no  more  effect  and  the  curve  begins  to  rise 
gradually;  this  point  is  the  end-point  of  the  buffer  action.  The  carves  of 
samples  14, 20  and  2 1  illustrate  the  effect  of  buffers. 
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It  seems  to  the  author  that  in  the  case  of  sandy  soil  with  little  organic 
matter,  an  adjustment  of  the  reaction  to  neutrality,  or  any  point  desired,  map^ 
be  accomlished  very  conveniently  by  the  hydrogen-ion  concentration  inethoa 
in  a  very  short  time,  avoiding  the  tedious  procedure  of  the  Veitch  method 
The  curves  of  samples  13, 15, 18,  23  and  24  show  the  possibilities  of  adjuBtiii^ 
the  soil  reaction  in  sandy  soils.  It  is  of  interest  to  note  the  relation  of  the 
curves  of  samples  21,  22,  23  and  24.  They  are  from  the  saihe  soil  of  differe&i 
depths,  as  pointed  out  in  table  1.  It  is  characteristic  that  the  surface  soil 
with  the  plant  residues  has  an  irregular  curve,  and  as  we  approach  the  loi^ef 
depths  the  tendency  of  the  curve  is  to  become  regular.  The  same  kind  of  a 
curve  would  be  produced  by  samples  8,  9,  10  and  11.    Looking  over  the  jift 


Fio.  2.  Curves  of  Hydrogen-Ion  CoNCENTSAnoN  of  Samples  13,  15,  18  and  20 


values  before  and  after  evaporation,  we  notice  that  if  we  get  a  pH  value  be-- 
tween  6.6  and  6.8  before  evaporation  we  are  certain  that  we  have  reached  the 
point  of  the  ''lime  requirement.''    By  such  a  procedure  we  may  save  more 
than  half  the  time  which  the  evaporations  in  the  Veitch  method  take. 

As  was  stated  in  the  earlier  part  of  this  article,  this  is  not  a  study  of  the  hy- 
drogen-ion concentration  measurements  of  soUs.  InddentaUy,  it  points 
toward  a  method  for  the  determination  and  adjustment  of  the  soil  reaction  in 
sandy  soils  and  possibly  even  in  soils  with  a  high  organic-matter  content. 
The  author  feels  that  more  elaborate  experimentation  in  this  line  is  essential, 
in  order  to  establish  the  proposed  scheme. 

The  author  takes  this  opportunity  to  thank  Dr.  Selman  A.  Waksman  for 
reading  the  manuscript  and  offering  helpful  criticism. 
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Bureau  of  Plant  Industry,  United  SUUes  Department  cf  Agriculture 
:  Rfiorfred  for  publieatiott  Much  t,  1920 

A  number  of  papers  have  been  published  recently  which  describe  investi- 
gations of  the  effect  upon  plant  growth  of  ''alkali''  salts  when  added  to  the 
soil  and  in  which  conclusions  as  to  the  relative  toxicity  of  the  different  salts 
are  based  upon  the  quantity  of  salt  added  (5,  7,  12).^  The  disadvantage  of 
this  method  of  interpreting  the  results  is  that  it  does  not  take  into  account 
differences  in  the  proportion  of  the  solute  which  is  withdrawn  from  the  solu- 
tion when  different  salts  are  brought  into  contact  with  a  soil.  This  source  of 
error  was  noted  several  years  ago  by  Mr.  W.  H.  Heileman,  formerly  of  the 
Bureau  of  Soils,  United  States  Department  of  Agriculture,  in  the  course  of 
experiments  with  seedling  plants  grown  in  soils  to  which  salts  of  sodium  had 
been  added.  He  observed  that  under  these  conditions  sodium  carbonate 
appeared  to  be  much  less  toxic  in  comparison  with  sodium  chloride  than  had 
been  indicated  by  numerous  observations  upon  plants  growing  in  natural 
alkali  soils  and  by  the  results  of  water  culture  experiments.* 

It  has  been  shown  by  Headley,  Curtis  and  Scofield  (8)  that  when  sodium 
carbonate  is  added  to  a  soil,  upon  anal3rsis  of  the  soil  extract  after  several 
weeks,  the  quantity  recovered  is  much  less  than  the  quantity  which  had 
been  added,  even  when  allowance  is  made  for  the  increase  in  the  content  of 
bicarbonates  which  has  taken  place.  In  the  case  of  sand,  to  which  had  been 
added  solutions  of  sodium  carbonate  in  eight  concentrations  ranging  from 
0.05  to  0.40  per  cent,  the  quantity  recovered  of  sodium  carbonate  plus  excess 
of  sodium  bicarbonate  reckoned  as  carbonate  averaged  69.0  ab  2.9  per  cent. 
In  the  case  of  a  loam  soil  to  which  had  been  added  solution  of  sodium  carbo- 
nate in  10  concentrations  ranging  from  0.05  to  0.60  per  cent,  the  quantity 
recovered  averaged  only  26.0  ^  L7  per  cent.'    In  other  words  the  sand  had 

^  The  readiness  with  which  sodium  carbonate  is  absorbed,  and  the  necessity  of  consid- 
ering this  factor  in  relation  to  the  toxicity  of  soils  to  which  this  salt  has  been  added,  are 
recognized  in  other  publications  by  Harris  and  Pittman  (6,  11). 

*  Thus  Kearney  and  Cameron  (9/ p.  19,  24,  33,  36)  found  that  both  in  pure  solution  and 
in  the  presence  of  an  excess  of  caldum  carbonate  and  of  caldum  sulfate,  sodium  carbonate 
was  much  more  toxic  to  the  roots  of  white  lupine  than  was  sodium  chloride.  Similar  results 
with  various  crop  plants  were  obtained  by  Kearney  and  Harter  (10). 

*  These  percentages  have  been  computed  from  data  given  in  table  3,  p.  863  of  the  pub- 
lication dted. 
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absorbed  31  per  cent  and  the  loam  had  absorbed  74  per  cent  of  the  sodium 
carbonate  which  had  been  added  to  the  soil. 

Very  different  results  with  sodium  chloride  were  obtained  by  the  same 
investigators.  This  salt  was  added  to  a  loam  soil  in  six  concentrations  of 
solution  ranging  from  0.05  to  0.60  per  cent  and  when  the  soil  extract  was 
analyzed  several  weeks  later  the  quantity  of  sodium  chloride  recovered 
averaged  84.0  =*»  1.5  per  cent.^  In  a  parallel  experiment  with  the  same  soil 
to  which  had  been  added  sodium  carbonate  solutions  in  eight  concentrations 
ranging  from  0.05  to  0.40  per  cent,  the  quantity  recovered  of  sodium  carbonate, 
plus  excess  sodium  bicarbonate  reckoned  as  the  carbonate,  averaged  only 
23.5  ^  2.3  per  cent.'  In  other  words,  the  loam  soil  had  absorbed  76.5  per 
cent  of  the  sodium  carbonate  and  only  16  per  cent  of  the  sodium  chloride 
which  had  been  added. 

A  further  source  of  error,  in  experiments  dealing  with  the  relative  toxicity 
of  sodium  carbonate,  when  conclusions  are  based  solely  upon  the  quantity 
of.  salt  which  has  been  added  to  the  soil,  lies  in  leaving  out  of  account  the 
reaction  which  takes  place  with  carbon  dioxide,  resulting  in  the  formation 
of  the  bicarbonate  at  the  expense  of  the  normal  carbonate.  It  was  demon- 
strated by  Cameron  and  Briggs  (3)  that  in  solutions  of  sodium  carbonate  at  a 
temperature  of  25*^C.  and  in  concentrations  ranging  from  0.2  to  0.6  per  cent, 
approximately  half  of  the  normal  carbonate  is  replaced  by  the  bicarbonate. 
In  the  above  cited  publication  by  Headley,  Curtis  and  Scofield,  evidence  is 
given  that  a  similar  reaction  occurs  when  sodium  carbonate  is  added  to 
soil,  a  large  proportion  of  the  salt  being  recovered  in  the  form  of  bicar- 
bonate. Sodium  bicarbonate  is  less  toxic  than  the  normal  carbonate, 
as  was  shown  by  the  results  of  an  experiment  performed  by  Kearney  and 
Cameron  (9,  p.  19  and  20;  see  also  ref.  10)  in  which  roots  of  the  white  lupine 
were  exposed  to  solutions  of  sodium  bicarbonate  wherein  the  formation  of  the 
normal  carbonate  was  prevented  by  the  presence  of  an  excess  of  carbon 
dioxide.  Therefore  when  sodium  carbonate  is  added  to  a  soil,  not  only  is 
the  total  concentration  of  the  soil  solution  much  smaller  than  would  be  as- 
sumed from  the  quantity  of  salt  added,  but  much  of  the  salt  which  remains 
in  the  soil  solution  is  in  the  form  of  the  less  toxic  bicarbonate.* 

RELATIVE  ABSOIIPTION  AS  INDICATED  BY  ELECTRICAL  RESISTANCE 

A  comparison  of  different  salts  of  sodium  in  respect  to  the  relative  degree 
of  absorption  in  a  soil,  as  measured  by  the  electrical  resistance  of  the  S3rstem, 
was  made  by  Davis  and  Bryan  (4),  who,  however,  apparently  made  their 

*  As  computed  from  data  given  in  table  5,  p.  S67. 

*  As  computed  from  data  given  in  table  2,  p.  861. 

*It  might  be  thought  that  owing  to  the  unstable  equilibrium  between  the  carbonate 
and  bicarbonate,  the  relative  toxicity  of  the  two  salts  is  of  no  practical  importance.  As  a 
matter  of  fact,  however,  bicarbonates  are  sometimes  present  in  large  quantity  in  soils  which 
do  not  give  the  hydroxyl  reaction  with  phenolphthalein. 
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readings  immediately  after  the  solutions  were  added  to  the  soil.  In  order 
to  test  adequately  the  usefuhiess  of  the  electrical  resistance  method  for  de- 
termining differences  in  absorption  of  different  salts  by  a  soil,  more  time 
should  be  allowed  for  the  system  to  reach  an  equilibrium.  This  has  been 
done  in  an  experiment  performed  by  the  writer,  which  is  described  below. 

Solutions  of  sodium  chloride  and  sodium  carbonate,  of  concentrations 
ranging  from  0.05  to  1.00  per  cent,  were  added  to  air-dry  sand  in  sufficient 
quantity  to  supersaturate  it  slightly. 

The  sand  used  had  a  moisture  equivalent'  of  2.4  per  cent,  indicating  a 
moisture-holding  capacity  of  25  per  cent  and  the  quantity  of  solution  added 
was  26  per  cent  of  the  diy  weight  of  the  sand.  This  sand  was  relatively  free 
from  readily  soluble  material,  as  is  indicated  by  the  fact  that  when  saturated 

TABLE  1 

Electrical  fesistances  at  60^P,  of  the  free  solutions  when  the  cup  is  filled  to  ^  per  cent  and  to 
100  per  cent  of  its  capacity  {20  cc.  and  50  cc,^  respectively) 


SODIDIC  CHLOHDK 

OOMCBNIKATlOir 
07  SOLUTION 

RedftuoeofiohitioD 

Ratio  of  re- 

dstaao8ol20 

cc.  to  Cluit  of 

SOcc 

RcntuKoofiohition 

Ratio  of  re- 
dstanceof 

20  cc. 

SOcc. 

20  cc. 

SOcc. 

20  cc.  to  that 
of  SOcc. 

P^rcemt 
1.00 
0.80 
0.60 
0.40 
0.20 
0.10 
0.05 

0kms 

63 

75 

98 

135 

246 

500 

872 

okms 
22 
28 
34 
49 
90 
167 
328 

2.86 
2.68 
2.88 
2.75 
2.73 
2.99 
2.65 

okms 

53 

65 

89 

126 

240 

467 

872 

•kms 

19 

24 

32 

46 

85 
171 
323   . 

2.79 
2.71 
2.78 
2.74 
2.82 
2.73 
2.70 

Average  ratio  2.79  *  0.03 

Average  ratio  2.75  ^  0.01 

with  distilled  water  and  allowed  to  "Stand  24  hours,  its  electrical  resistance 
was  about  2500  ohms.  When  the  sand  was  moistened  with  the  solution  the 
mixture  was  thoroughly  stirred  and  was  allowed  to  stand  for  24  hours,  when 
it  was  again  stirred.  The  cup  of  the  electric  bridge  was  then  filled  with  the 
wet  sand  and  the  electrical  resistance  of  the  latter  was  determined  and  was 
corrected  to  a  temperature  of  60**F. 

The  electrical  resistances  of  the  different  concentrations  of  the  free  solution 
of  each  salt  also  were  determined,  both  with  the  bridge  cup  full  (50  cc.)  and 
with  only  20  cc.  of  solution  in  the  cup,  the  latter  corresponding  to  the  moisture 
content  of  the  cup  when  filled  with  the  wet  sand. 

The  resistances  of  20  cc.  and  of  50  cc.  of  each  concentration  of  solution  of 
the  two  salts  are  stated  in  table  1,  which  also  gives  for  each  concentration  the 

T  As  determined  by  the  centrifugal  method  (1).  A  fomiula  for  confuting  themoistuie- 
holding  capacity  from  the  moistuie  equivalent  is  given  by  Briggs  and  Shantz  (2). 
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ratio  of  the  two  resistances.  It  b  evident  that,  for  the  range  of  concen- 
trations used,  this  ratio  is  practically  a  constant.  It  is  also  evident  that  with 
an  equal  concentration  and  volume  of  solution  the  resistances  of  the  two 
salts  differ  only  slightly. 

In  table  2  are  given,  for  each  concentration  of  each  salt,  the  resistance  of 
the  saturated  sand  (containing  20  cc.  of  the  solution),  the  resistance  of  20  cc. 
of  the  free  solution  and  the  ratio  of  the  first  to  the  second  resistance.  The 
ratios  are  graphically  expressed  in  figure  1. 

If  the  presence  of  the  sand  had  had  no  effect  upon  the  resistance  of  the 
solution  in  contact  with  it,  the  ratio  of  the  two  resistances  for  each  con- 
centration of  each  salt  should  have  been  1.0,  since  the  quantity  and  the 
original  concentration  of  solution  were  the  same  in  both  cases.    The  degree 

TABLE  2 
Resistances  ai  &Q^P.  of  the  saturated  sand  (cup  fuU)  and  of  20  cc,  of  the  corresponding 

free  soluHon 


MOfUM  CMOOlUn 

lOIMUM  CILCMUDB 

OONCBMnAnOlf 
OVBOUJIIOlf 

R«aitttc«of 

Ratio  of  re- 

Roittaiiceof 

Ratio  of  r«- 

dbtaaceoftand 

totoltttioit 

Satuntedund 

Solution 
(20  cc.) 

ustanoeofMiid 
totoltttion 

Solatioa 
(20  cc) 

percent 

akms 

akms 

ams 

okms 

1.00 

146 

63 

2.3 

77 

53 

1.5 

0.80 

198 

75 

2.6 

90 

65 

1.4 

0.60 

234 

98 

2.4 

116 

89 

1.3 

0.40 

416 

135 

3.1 

180 

126 

1.4 

0.20 

765 

246 

3.1 

317 

240 

1.3 

0.10 

1159 

500 

2.3 

594 

467 

1.3 

0.05 

1539 

872 

1.8 

1014 

872 

1.2 

0 

2488* 

2488* 

Average  ratio  2.5  ^ 

0.12 

* 

Average  ratio  1.3  -• 

*=0.02 

*  Control,  sand  saturated  with  distilled  water. 

to  which  the  ratio  exceeds  unity  therefore  indicates  the  degree  to  which  the 
resistance  of  the  solution  in  contact  with  the  sand  has  been  increased  by 
withdrawal  of  a  portion  of  the  solute.  It  is  evident  that  in  the  case  of 
sodium  carbonate  much  more  of  the  solute  has  been  withdrawn  than  in  the 
case  of  sodiimi  chloride,  the  dilution  due  to  contact  with  the  sand  having  in- 
creased the  resistance,  for  the  several  concentrations,  nearly  twice  as  much  in 
the  former  case  as  in  the  latter. 

A  glance  at  figure-i  shows  that  the  curves  representing  the  ratios  of  the  two 
resistances  differ  greatly  for  the  two  salts,  that  for  sodiimi  chloride  being 
much  flatter  than  the  curve  for  sodium  carbonate,  which  shows  a  con- 
spicuous maximum  at  concentrations  of  0.20  and  0.40  per  cent.  Discussion 
of  this  difference,  the  significance  of  which  could  be  ascertained  only  by 
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repeated  detemunations,  is  beside  the  puipose  of  the  present  article,  since 
the  data  given  sufficiently  answer  the  question  whether  sodium  carbonate  is 
withdrawn  from  solution  in  greater  proportion  than  sodium  chloride,  when  in 
contact  with  soil. 

It  should  be  noted  that  the  resistances  of  sand  saturated  with  solutions  of 
corresponding  concentration  of  sodium  carbonate  and  of  sodium  chloride,  as 
given  in  the  publication  of  Davis  and  Bryan  (4,  p.  13,  table  1),  are  much 
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lower  than  the  resistances  in  sand  obtained  by  the  writer,  and  also  show  little 
difference  as  between  the  two  salts.  The  probable  explanation  is  that  Davis 
and  Bryan  determined  the  resistance  immediately  after  adding  the  solution 
to  the  soil,  while  in  the  writer's  experiment  the  readings  were  made  after 
solution  and  soil  had  remained  in  contact  during  24  hours. 

Inspection  of  table  2  shows  that  when  this  amount  of  time  is  allowed,  sand 
to  which  sodium  carbonate  has  been  added  at  concentrations  of  0.10  to  LOO 
per  cent,  gives  a  resistance  about  double  that  of  sand  to  which  like  con- 


Digitized  by 


Google 


272  THOMAS  H.  XEASMEY 

ceatrations  of  sodium  chloride  have  been  added.  Roughly  speaking,  the  soil 
solution  in  the  latter  case  is  about  twice  as  concentrated  as  in  the  former^  yet 
if  unaware  of  how  differently  the  two  salts  are  absorbed  by  the  sand,  one 
might  assimie  that  the  soil  solutions,  like  the  original  solutions,  were  of  equal 
concentration  in  both  cases. 

In  order  to  obtain  some  idea  of  the  actual  concentration,  of  the  solution 
present  in  the  sand  to  which  sodium  carbonate  had  been  added  24  hours 
previously,  a  curve  was  plotted  for  the  electrical  resistances  of  20  cc.  of  the 
free  solution  at  the  several  concentrations  which  had  been  added.  The  curve 
was  extended  so  as  to  include  resistances  as  high  as  those  of  the  sand  to  which 
the  two  most  dilute  solutions  had  been  added,  by  determining  the  resistances 
of  20  cc.  each  of  0.04  per  cent  and  0.03  per  cent  sodium  carbonate  in  free  solu- 
tion, the  resistances  obtained  for  these  concentrations  having  been  1120  and 
1580  ohms,  respectively.  By  reading  on  the  curve  the  concentration  corre- 
sponding to  the  electrical  resistance  of  the  saturated  sand,  an  approximate  idea 
was  obtained  of  the  concentration  of  the  solution  present  in  the  latter.  For 
the  6  concentrations  0.10  to  1.00  per  cent,  the  concentration  of  the  solution 
present  in  the  sand  as  thus  estimated  averaged  37  per  cent  (range  34  to  40 
per  cent)  of  that  which  had  be^  added,  indicating  that  approximately  63 
per  cent  of  the  salt  had  been  withdrawn  from  the  solution  when  in  contact 
with  thesand.  A  similar  -calculation  in  the  case  of  sodium  chloride  indicated 
an  average  absorption  of  only  23  per  cent  of  the  salt  which  had  been  added. 

CONCLUSIONS 

When  equal  volumes  of  solution  of  equal  concentration  of  sodium  carbonate 
and  of  sodium  chloride  are  added  to  sand  and  the  solution  and  soil  are  allowed 
to  remain  in  contact  during  several  hours,  the  electrical  resistance  of  the 
sand  to  which  sodium  carbonate  has  been  added  is  much  higher  than  that 
of  the  sand  to  which  sodium  chloride  has  been  added. 

Since  the  greater  resistance  in  the  case  of  sodium  carbonate  must  be  due  to 
proportionately  greater  withdrawal  of  the  solute  by  the  sand,  it  follows  that 
plants  growing  in  soils  to  which  equal  quantities  of  the  two  salts  have  been 
added  are  in  contact  with  soil  solutions  of  very  unequal  concentration. 

As  a  result  of  overlooking  this  factor,  as  well  as  the  reaction  which  takes 
place  in  solutions  of  sodium  carbonate  resulting  in  the  formation  of  the  less 
harmful  bicarbonate,  certain  investigators  of  the  effects  of  ''alkali"  salts  iq)on 
jdant  growth  have  concluded  that  sodium  carbonate  is  less  toxic  tl^n  sodium 
chloride.  Observations  upon  plants  growing  in  natural  alkali  soils  and  ex* 
pieriments  with  seedlings  exposed  to  pupe  solutions  of  these  salts  have  shown 
the  contrary  to  be  true. 

The  results  of  the  experiment  described  in  this  paper  indicate  that  the 
electrical  bridge  affords  a  convenient  means  for  determining  the  degree  to 
which  different  salts  are  withdrawn  from,  a  solution  which  has  been  added  to 
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a  soil.  In  the  case  of  sodium  carbonate  and  sodium  chloride,  equival^t 
solutions  of  which  (at  the  concentrations  ordinarily  encountered  in  alkali 
soils)  do  not  differ  greatly  in  electrical  resistance,  the  bridge  method  permits 
direct  comparison  of  the  concentration  of  the  solution  in  soils  to  which 
these  salts  have  been  added. 
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CAN  I  OPERATE  A 
POTENTIOMETER 
SUCCESSFULLY 

7 


Many  workers  who  have  to  make  frequent  determinations  of  hydro- 
gen-ion concentrations  have  probably  considered  the  question  of 
applying  a  potentiometer  to  their  problem  but  have  had  misgivings 
about  their  ability  to  use  an  electrical  measuring  instrument  called 
a  potentiometer.  As  a  result,  they  have  continued  to  use  inadequate 
methods. 

Many  others  who  had  seen  a  potentiometer  in  use,  and  who  realized 
the  advantages  of  the  instrument  in  their  work,  added  the  type  K  outfit 
to  their  laboratory  equipment.  Although  they  had  no  previous  training 
in  electrical  measurements,  they  are  using  it  successfully  and  with  com- 
plete assurance  that  their  results  are  dependable. 

**The  proof  of  a  pudding  is  in  the  eating."  Those  who  are  using  the 
apparatus  will  testify  that  after  a  short  period  of  practice — ^which  is 
necessary  for  the  successful  operation  of  any  scientific  apparatus— they 
have  found  the  operation  of  the  Type  K  Potentiometer  a  very  simple 
matter.  Indeed,  its  operation  makes  less  of  a  demand  on  the  skill  of 
the  operator  than  does  the  process  of  making  a  precision  weighing. 
Those  who  are  using  the  Type  K  outfit  feel  that  they  are  amply  repaid  for 
the  brief  effort  of  learning  the  technique. 
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SYMBIOTIC  NITROGEN  FIXATION  AS  INFLUENCED  BY 
THE  NITROGEN  IN  THE  SOIL* 

WILLIAM  ALBERT  ALBRECHT 
Formerly  Petlcw  in  Agron&my,  University  oflUinou? 

SMeived  for  pabUcaOon  Febroaiy  10,  1920 
I.  INTRODUCTION 

Of  the  important  elements  necessary  for  growing  plants,  nitrogen  is  the  one 
that  presents  our  most  serious  problem  and  is  most  apt  to  be  deficient.  Early 
studies  on  the  different  forms  in  which  nitrogen  may  serve  for  plant  growth 
seemed  to  have  it  definitely  settled  that  only  combined  nitrogen  could  be  used 
by  plants  (6, 30).  Atwater  (2),  however,  showed  that  legumes,  quite  contrary 
to  earlier  beliefs,  were  able  indirectly  to  utilize  the  elementary  nitrogen.  This 
prompted  many  researches  and  opened  many  discussions,  which  soon  estab- 
lished the  fact  that  certain  plants,  belonging  to  the  Leguminosae^  were  able  to 
obtain  the  gaseous  nitrogen  of  the  air  through  the  action  of  bacteria  living  in 
the  nodules  on  their  roots. 

When  the  fact  became  known  that  legumes  are  able  to  use  the  nitrogen  of 
the  air  through  a  mutually  beneficial  relationship  with  bacteria,  numerous 
studies  of  these  plants  were  undertaken  to  determine  the  manner  in  which 
they  take  nitrogen  from  the  air  and  incorporate  or  fijc  it  in  their  tissues. 

This  process  of  ''symbiotic  nitrogen  fijEation,"as  it  has  been  named,  has 
taken  on  considerable  significance  in  the  attempt  to  maintain  the  nitrogen 
supply  for  plant  growth.  The  fact  that  it  offers  a  means  of  utilizing  the 
unlimited  supply  of  nitrogen  of  the  air  in  place  of  the  costly  nitrogenous 
fertilizers,  has  served  as  an  incentive  to  study  this  process  and  the  factors 
which  influence  its  highest  development.  Any  information  giving  a  deafer 
understanding  of  the  process  of  symbiotic  nitrogen  fixation  may  be  justified 
as  contributing  to  the  large  agricultural  problem  of  maintaining  the  supply 
of  nitrogen  in  the  soil  in  sufiSdent  amounts  to  insure  maximum  crop  produc- 
tion. The  following  research  is  a  contribution  to  the  process  of  nitrogen 
fixation  by  legumes  as  influenced  by  the  amount  of  nitrogen  present  in  the  soil 
in  both  the  organic  and  inorganic  forms. 

*  A  thesis  submitted  to  the  Faculty  of  the  Graduate  School  of  the  University  of  Illinois 
in  partial  fulfillment  of  the  requirements  for  the  Degree  of  Doctor  of  Philosophy,  June,  1919. 
'  Present  Associate  Professor  of  Soils,  University  of  Missouri. 
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The  literature  on  the  subject  of  symbiotic  nitrogen  fixation  is  rather  exten- 
sive and  has  been  well  collected  in  bibliographies  by  Jacobitz  (27),  by  Bunill 
(7),  and  others,  so  that  no  extensive  review  on  the  subject  is  necessary.  Only 
those  papers  dealing  particularly  with  this  process  as  influenced  by  the  nitro- 
gen content  of  the  soil  will  be  considered. 

General  statements  are  common  in  saying  that  the  legume  fulfills  its  needs 
for  nitrogen  from  the  soil  and  later  resorts  to  the  supply  in  the  air.  Conn  (8) 
makes  the  statement  that  "legumes  appear  to  prefer  taking  their  nitrogenous 
material  directly  from  the  nitrogenous  foods  in  the  soil  when  these  are  present 
in  abundance.  But  if  the  soil  does  not  furnish  the  proper  nitrogen,  then 
recourse  is  had  to  atmospheric  nitrogen,  through  the  agency  of  tuberde 
organisms."  Van  Slyke  (46)  ventures  a  similar  opinion  in  which  he  says, 
''when  supplied  with  available  nitrogen  compounds,  the  bacteria  fail  to  make 
use  of  atmospheric  nitrogen."  Hopkins  (25,  p.  217)  agrees  in  substance  with 
this.  ''Clover  and  other  legumes,"  he  says,  "take  available  nitrogen  from 
the  soil  in  preference  to  the  fixation  of  free  nitrogen  from  the  air,  the  latter 
being  drawn  upon  only  to  supplement  the  soil's  simply  and  thus  balance  the 
plant-food  ration." 

Early  works  show  that  nodules  are  present  when  the  bacteria  become  estab- 
lished and  when  the  plant  uses  atmospheric  nitrogen.  In  much  of  the  litera- 
ture the  nodules  represent  nitrogen  fixation  and  unless  this  modification  of 
the  root  is  present,  no  use  of  gaseous  nitrogen  is  believed  to  be  taking  place. 
The  importance  of  nodules  in  nitrogen  fixation  was  established  early  by 
Hellriegel  and  Wilfarth  (19)  as  one  of  the  fundamental  facts  when  they  say, 
"the  nodules  of  the  roots  must  not  be  considered  as  simply  reservoirs  of 
albuminoid  substances;  their  relation  to  the  assimilation  of  free  nitrogen  is 
that  of  cause  to  effect."  In  most  works  cited  in  the  following  discussion,  the 
effects  of  the  nitrogen  in  the  soil  as  a  cultural  medium,  are  reported  as  favorable 
or  unfavorable  to  the  nodule  production,  and  hence  to  the  nitrogen  fixation. 

Moore  (34)  apparently  does  not  agree  with  this  general  concq)tion  of  the 
importance  of  nodules.  He  believes  that  it  is  possible  for  the  bacteria  to 
enter  the  roots  and  be  of  benefit  without  evincing  their  presence  by  such 
external  evidence  as  nodules.  He  fails  to  believe  that  even  if  the  absence  of 
nodules  might  permit  some  nitrogen  fixation,  this  would  not  prohibit  the  same 
performance  in  their  presence. 

Rautenberg  and  Kuhn  (43)  ventured  perhaps  the  earliest  statement  con- 
cerning the  relation  of  nitrogen  fixation  to  the  nitrogen  in  the  medium  for 
plant  growth.  In  their  work  Victafaba^  growing  in  a  nitrogen-free  solution, 
developed  numerous  nodules,  while  in  the  presence  of  nitrates  no  nodules 
appeared.  De  Vries  (10)  obtained  similar  results  while  studying  nodules  as 
a  storage  for  nitrogen.  In  the  absence  of  nitrogen  from  the  cultural  solution, 
many  nodules  of  normal  structure  were  produced,  but  otherwise  scarcely 
any  developed. 
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Schindler  (44)  working  with  clovers,  vetch,  serradella,  kidney  vetch,  and 
beans  in  water  cultures  concludes  that,  in  general,  solutions  rich  in  nitrogen 
are  less  disposed  toward  giving  nodules  than  those  lacking  in  this  element. 
These  same  plants  grown  in  soil  fertilized  with  coii^>ost  or  manure  as  com* 
pared  with  soils  low  in  nitrogen  gave  larger  and  more  numerous  nodules  in 
every  case  with  the  latter  soQ.  Tschirch  (45)  in  studying  nodules,  as  a  means 
of  nitrogen  storage,  says  that  it  is  established  that  nodules  grow  more  profusely 
in  soils  poor  in  nitrogen  than  in  those  rich  in  humus. 

Vines  (47)  treated  soils  with  1  per  cent  potassium  nitrate  and  found  nodular 
development  decreased,  and  also  an  indication  that  as  the  amount  of  nitrate 
diminished,  the  development  of  nodules  became  more  marked.  Similar 
depressive  effects  on  nodule  production  by  nitrates  are  reported  also  by 
Baszler  (3)  and  by  Laurent  (28). 

These  studies  on  the  influence  of  the  nitrogen  content  of  the  soil  on  the 
nodule  development,  take  this  development  as  a  measure  of  nitrogen  fixation, 
but  fail,  however,  to  substantiate  their  contentions  with  careful  chemical 
analyses  to  show  that  the  total  nitrogen  in  the  plant  and  soil  has  truly  increased. 

Frank  (13)  studied  conditions  of  the  plant  as  influenced  by  inoculation  and 
other  factors.  In  using  soils  rich  in  humus  as  compared  with  those  very  poor 
in  this  respect,  he  was  led  to  believe  that  when  humus  is  present  in  sufficient 
amounts  the  bacteria  are  dispensable  and  serve  with  no  benefit  to  the  plant. 
Where  humus  is  lacking  the  bacteria  are  active.  This  explains  why  legumes 
can  be  grown  on  sand  when  all  minerals  are  supplied  even  when  no  humus 
is  present. 

Atwater  (2)  in  growing  peas  in  sand  supplied  with  nutrient  solutions  con- 
taining varying  amounts  of  potassium  and  calcium  nitrates,  found  nitrogen 
fixation  taking  place.  He  measured  it  by  the  increase  in  the  total  nitrogen 
present  at  the  close  of  the  experiment  as  compared  with  that  at  the  start 
Table  1  is  taken  from  his  data  and  shows  fixation  when  a  large  nitrogen  ration 
is  supplied. 

Woods  (SO)  (of  Connecticut)  grew  scarlet  clover  in  sand  with  a  nutritive 
solution  and  accounted  for  all  the  nitrogen  in  the  experiment,  as  did  Atwater, 
by  analysis  of  material  at  the  outset  and  at  the  close.  With  no  nitrogen  in 
the  solution,  18  plants  fixed  an  average  of  37  mgm.  per  plant.  When  40  mgm. 
of  nitrogen  as  calcium  nitrate  and  potassium  nitrate  were  added  at  the  start, 
the  fixation  was  reduced  to  30  mgm.  per  plant.  Vetch  responded  differently, 
fixing  20  mgm.  in  the  former  case  and  47  in  the  latter.  Cowpeas  treated  with 
nitrate  fixed  amounts  varying  from  87  to  129  mgm.  of  nitrogen.  His  data 
show  a  larger  part  of  the  nitrogen  in  the  roots  when  nitrate  was  omitted  than 
when  it  was  added.  He  says,  "aU  the  plants  grown  without  added  nitrogen 
gained  in  nitrogen.  Some  of  the  plants  suppUed  with  nitrate  showed  a  loss. 
The  gain  has  occurred  where  root  nodules  are  developed  and  without  them 
there  was  no  gain  of  any  account." 

Prazmowski  (42)  worked  on  an  experiment  similar  to  that  of  Woods  to  find 
out  if  the  nitrates  in  the  soil  hindered  or  aided  the  bacteria  in  entering  the 
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plant  and  fixing  nitrogen.  Peas  in  sterile  sand  cultures  containing  300  mgm. 
of  nitrogen  fixed  50  mgm.  With  no  nitrogen  in  the  sand  and  only  12  mgm. 
in  the  seed,  70  mgm.  were  taken  from  the  air.  In  working  with  water  cul- 
tures, nitrates  held  down  nitrogen  fixation  and  nodule  production.  In  the 
absence  of  nitrates  the  fixation  varied  from  17  to  83  mgm.  per  plant  He 
says  that  the  nitrogen  content  of  the  soil  influences  the  time  at  which  the 
nodule  empties  itself.  The  presence  of  nitrogen  in  the  soil  brings  this  change 
at  the  time  of  seed  formation,  but  its  absence  from  the  soil  permits  the  pro- 
cess of  nodule  growth  and  nitrogen  fixation  to  go  on  slowly  during  the  life  of 
the  plant  with  an  increase  in  it  at  the  time  of  seed  formation. 

TABLE  1 

NUrogen  fixed  by  peas  grown  in  nutrient  solutions  containing  nitrates 
(Taken  from  Atwater) 


07 

MIROOKN  SUmJXD 

OAm  Oft 

BXFBRl- 

Inieedt 

In 
•ohitioo 

Total 

Vines, 
roots,  etc. 

Rcsidaal 
sdatioii 

Total 

iimoasM 

mgm. 

mgm. 

rngm. 

mgm. 

mem. 

mgm. 

mgm. 

1 

36.7 

59.4 

96.1 

116.4 

1.4 

117.8 

-21.7 

3 

72.6 

59.4 

132.0 

158.9 

3.8 

162.7 

-30.7 

Group  I.    Small  ni- 

5 

34.2 

59.4 

93.6 

156.1 

0.0 

156.1 

-62.5 

trogen  ration 

7 

71.5 

59.4 

130.9 

158.1 

0.0 

158.1 

-27.2 

9 

35.3 

59.4 

94.7 

186.5 

1.4 

187.9 

-93.2 

11 

72.5 

59.4 

131.9 

210.9 

2.7 

213.6 

-81.7 

2 

34.4 

136.9 

171.3 

178.9 

2.0 

180.9 

-9.6 

4 

75.2 

136.9 

212.1 

200.6 

12.8 

213.4 

-1.3 

Group  n.    Lai|;e  ni- 

6 

34.8 

136.9 

171.7 

149.6 

1.2 

150.8 

+20.9 

trogen  ration 

8 

70.3 

136.9 

207.2 

197.5 

12.7 

210.2 

-3.0 

10 

34.6 

136.9 

171.5 

277.8 

35.7 

313.5 

-142.0 

12 

68.8 

136.9 

205.7 

260.2 

45.7 

305.9 

-100.2 

This  work  cited  last,  gives  a  different  degree  of  effect  for  nitrates  in  a  sand 
or  open  medium  than  it  does  for  nitrates  in  water  cultures.  This  fact  may 
be  of  significance  in  explaining  the  injurious  effects  on  nodule  growth  and 
nitrogen  fixation  which  are  attributed  in  many  cases  to  the  nitrates.  The 
use  of  solutions  may  be  inadequate  for  an  experiment  of  this  nature. 

To  test  the  effects  of  different  forms  of  nitrogen  on  the  nodule  growth  of 
legumes,  Frank  (14)  used  calcium  nitrate,  ammonium  sulfate  and  urea.  He 
analyzed  seeds  at  the  start  and  total  plants  at  the  close,  and  found  that  for 
the  lupine  the  greatest  growth  and  nitrogen  increase  in  the  plant,  as  well  as 
the  most  profuse  nodule  production,  took  place  in  the  absence  of  all  nitro- 
genous compoimds.  The  pea  behaved  similarly.  He  measured  the  nitrogen 
fixed  in  sand  and  soil  by  lupines,  peas  and  red  dover,  obtaining  the  results 
given  in  table  2. 
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Frank's  data  show  that  the  yellow  lupine  fixes  less  nitrogen  on  a  humus 
soil  than  on  a  sand  soil,  or  that  soils  with  a  higher  nitrogen  content  fix  less 
nitrogen  with  this  legume.  It  may  be  possible  that  physical  differences  or 
other  factors  were  responsible,  for  he  gives  no  detailed  description  of  relations 
other  than  nitrogen  in  the  soil. 

For  the  peas  and  dover  the  case  is  different.  Both  gave  a  decided  increase 
in  the  soil  rich  in  nitrogen.  For  the  lupine  he  believes  that  its  nitrogen- 
fixing  power  is  less  in  a  nitrogen-rich  soil  than  in  one  very  poor  in  this  respect. 
Nevertheless,  a  soil  already  rich  in  nitrogen  may  be  enriched  in  this  element 


TABLE  2 


NUrogm  fixed  in  sand  and  soU  by  lu^nes,  peas  and  red  dover 
(Taken  from  Frank) 


In  seed 
and  in- 
oculum 


In 
harvest 


CSXA8X 


mnOOZNIMBOXL 


Outset    dose 


Lupine 


Sand 

Humus  soil 

Humus  soil 

Sand 

Sterilized  sand  not  in 

oculated 

Humus  soil 


5 
4 


fM. 

14. 
23.32 


760 


.035 
0.0364 


gm 
0.3609 
0.2816 


10.3 

7.7 


PtrcnU 
0.0096 
0.10760 


peretnt 

0.0157 

.1208 


1  large  nodule 
1  to  7  nodules 


Peas 


37.98 


0.0282 


0.7467 


26.5 


0.1076|o. 


1253 


Of  bean  size 


Red  clover 


44.33 

7.18 
222.02 


0.0457 

0.0457 
0.0457 


0.7087 

0.0687 
4.6406 


15.50.0073 


0.0105 


1.5 
105.50.10760 


0.00730.0079 
1184 


Rich  in  nodules 

Few  nodules 
Few  nodules 


by  means  of  legumes.  Peas  and  clover,  he  believes,  reach  their  maximum 
fbdng  capacity  only  when  using  nitrogenous  substances,  especially  nitrates, 
to  supplement  the  bacteria  on  their  roots,  even  though  the  direct  opposite  is 
true  for  the  yellow  lupine.  The  nitrogen  enriching  effect  of  legimies  takes 
place  not  only  in  soils  poor  in  nitrogen,  but  also  in  the  better  soils,  rich  in 
humus. 

The  above  conclusion  is  quite  the  opposite  to  that  of  Maercker  (31),  who 
used  the  yellow  lupine  in  sterilized  and  inoculated  sand  with  varying  amounts 
of  potassium  nitrate  added.  He  found  in  this  experiment  that  nitrates  did 
not  hinder  or  lessen  the  ability  of  the  lupine  as  a  nitrogen  fixer.  Nobbe  and 
Hiltner  (35)  reported  the  diameter  of  Robinia  nodules  as  8  mm.  in  nitrogen-free 
soil,  and  0.5  mm.  in  soil  treated  with  nitrates. 
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Perhaps  the  most  careful  work  in  the  early  study  of  nitrogen  fixation  is 
that  of  Aeby  (1)  in  his  attempt  to  see  if  non-legumes  would  give  nitrogen 
fixation.  He  used  two  soils,  one  a  clay  soil  with  0.0783  per  cent  nitrogen  and 
the  other  a  "humus-rich"  soil  with  0.4050  per  cent  nitrogen.  They  were 
used  in  growing  peas  without  nitrogen  treatment,  and  with  nitrogen  added 
at  four  intervals  to  make  a  total  of  2  gm.  per  pot  of  4  kgm.  of  soil.  Analyses 
were  made  for  total  nitrogen  in  all  materials  at  the  beginning  and  at  the  dose. 
Any  increase  present  at  the  close  over  that  at  the  beginning  represented  fixa- 
tion of  nitrogen.  This  method  of  analysis  gave  a  loss  of  nitrogen  in  fallow 
pots  but  a  decided  increase  for  those  on  which  peas  were  grown.  Peas  grow- 
ing in  a  rich  soil  fixed  1.976  gm.  nitrogen  per  pot,  while  in  the  same  soil  treated 
with  nitrogen,  the  fixation  was  but  1.621  gm.  In  the  clay  soil  the  corre- 
sponding figures  are  2.759  gm.  and  1.987  gm.,  respectively;  a  decrease  of 
0.355  and  0.772  gm.  due  to  the  nitrogen  added.  This  indicates  that  in  the 
soil  rich,  as  well  as  one  poor  in  nitrogen  the  addition  of  nitrogen  depressed 
the  fixation  of  atmospheric  nitrogen.  Furthermore,  in  the  soil  which  was 
low  in  nitrogen  the  amount  taken  from  the  air  by  the  peas  was  greater  than 
in  the  rich  soil,  both  when  untreated  and  treated  with  nitrogen.  Accordingly 
there  was  less  fixation  with  increased  amounts  of  nitrogen  in  the  soils,  which 
agrees  with  some  of  the  preceding  works  cited.  In  the  soil  left  fallow,  he 
failed  to  recover  as  much  nitrogen  at  the  dose  as  was  present  at  the  beginning. 
In  the  distribution  of  nitrogen  in  the  roots  and  tops  of  plants,  his  results  agree 
with  those  of  Woods. 

Nobbe  and  Hiltner  (36)  go  farther  in  their  statements  than  many  others 
and  conclude  from  a  study  of  cross  inoculation,  that  nodules  have  no  influence 
on  plant  growth  when  plenty  of  soil  nitrogen  is  available. 

Salts  containing  nitrogen  were  used  by  Marchall  (32)  and  found  to  inhibit 
nodule  production  in  the  following  concentrations:  alkaline  nitrates  1  part 
in  10,000  and  ammonium  salts  1  part  in  2000.  By  using  soybeans  and  meas- 
uring the  nitrogen  increase  in  terms  of  the  crop,  when  sterile  or  inoculated,  or 
treated  with  nitrate  nitrogen,  Nobbe  and  Richter  (38)  found  that  with 
increased  amounts  of  soluble  nitrogen  or  humus  substance  added,  the  total 
nitrogen  content  of  the  crop  decreased.  They  believed  that  small  amounts 
of  soluble  nitrogen  are  beneficial  to  the  young  plants — at  least  until  bacteroids 
are  formed.  According  to  them,  inoculation  was  best  in  the  absence  of 
nitrates  and  decreased  with  the  increase  of  the  latter. 

To  judge  the  value  of  legumes  as  nitrogen  fixers,  Wohltmann  and  Bergene 
(51)  used  a  variety  of  soils  ranging  in  nitrogen  from  0.046  per  cent  to  0.205  per 
cent  and  a  peat  soil  with  1.650  per  cent.  These  soils  were  treated  with  either 
ammonium  nitrate  or  ammonium  sulfate  and  planted  to  a  nmnber  of  legumes. 
They  judged  the  amount  of  nitrogen  taken  from  the  air  in  terms  of  the  number 
of  nodules  produced,  and  give  the  following  results  and  condusions  in  regard 
to  the  influence  of  the  nitrogen  in  the  soil  on  the  amotmt  of  nitrogen  fixed. 
On  all  soils  to  which  ammonium  nitrate  was  added  the  nodules  failed  to 
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develop  and  the  plants  grew  well  in  the  absence  of  them.  Ammonium  sulfate 
suppressed  nodule  production  completely  in  nine  cases  and  almost  completely 
in  two  cases. 

These  men  beheve  that  legumes  do  not  need  the  help  of  bacteria  and  atmos- 
pheric nitrogen  when  there  is  present  in  the  soil  an  abundant  supply  of  avail- 
able nitrogen,  and  that  they  use  soil  nitrogen  almost  exclusively.  According 
to  these  conditions,  legumes  used  as  green  manure  would  not  add  nitrogen  to 
that  soil  whose  available  supply  of  this  essential  element  is  high.  They  point 
out  that  it  is  the  '' available"  nitrogen  rather  than  the  "total"  nitrogen  that 
has  a  detrimental  influence  on  nitrogen  fixation. 

Similar  results  were  obtained  about  1904  by  Nobbe  and  Richter  (39)  who 
undertook  to  determine  the  effect  of  soluble  nitrogen  in  soil  on  the  amount 
of  nitrogen  taken  from  the  air  by  vetch.  They  measured  fixation  by  differ- 
ence between  total  nitrogen  in  plants  that  were  inoculated  and  those  that  were 
not  so  treated.    The  increase  in  the  nitrogen  content  caused  by  bacteria  was 


TABLE  3 


Nitrogen  in  velch^  incculaUd  and  uninocidaied,  treated  udth  nitrate  nitrogen 
(From  Nobbe  and  Richter) 


Inoculated  (gm.) 

Not  inoculated  (gm.) 

Di£ference  (gm.) 

Increaae  (per  cent  of  total) 
Nitrogen  ratio 


9  MmooBir 

500  MOM. 

1000  MOM. 

ADDED 

MmOGXH  ADDED 

MIRQOEir  ADDED 

1.533 

1.887 

2.295 

0.095 

0.389 

0.618 

1.438 

1.498 

1.677 

93.8 

79.38 

73.07 

1:16.1 

1:4.8 

1:3.7 

considered  as  coming  from  the  air.  Increasing  amounts  of  potassium  nitrate 
were  added  to  the  soil  and  thj  entire  plants  analyzed.  They  found  the 
results  given  in  table  3. 

According  to  their  figures  the  effect  of  inoculation  decreases  with  the  increase 
in  soluble  soil  nitrogen.  Where  no  soluble  nitrogen  was  added  the  bacteria 
increased  the  nitrogen  in  the  plant  sixteen-fold.  As  much  as  93  per  cent  of 
the  nitrogen  in  the  inoculated  legume  came  from  the  atmosphere.  With  the 
addition  of  5(X)  mgm.  of  soluble  nitrogen  the  increase  by  bacteria  was  almost 
four-fold,  or  about  80  per  cent  of  the  nitrogen  in  the  entire  plant  came  from 
the  air.  When  more  nitrate  was  added,  the  depressive  effect  increased, 
though  not  proportionally.  These  amounts  of  soluble  nitrogen,  according 
to  their  data,  decreased  the  action  of  the  bacteria  in  supplying  the  plant  with 
atmospheric  nitrogen. 

A  large  variety  of  nitrogenous  compounds  were  tested  by  Flamand  (12) 
for  their  influence  on  nodule  production  with  peas,  beans  and  vetch.  He 
found  that  potassium  nitrate  prohibited  nodule  formation  when  used  in 
amounts  as  low  as  1  part  in  10,(XX);  sodium  nitrate  required  ^ut  1  part  in 
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2000,  or  the  equivalent  of  1000  pounds  per  acre.  Urea,  oxamide,  and 
potassium  cyanide  were  very  prejudicial  to  the  production  of  nodules  even 
when  used  in  very  dilute  solution.  Anunonium  salts,  either  as  nitrate  or  sul- 
fate, prohibited  nodules  on  vetch.  Table  4  gives  the  proportions  in  which 
these  compounds  were  fatal  to  nodule  production. 

This  work  was  done  in  water  cultures  and  as  in  previous  works  dted  may 
have  given  more  significant  effects  than  would  be  true  of  soils. 

The  contention  that  assimilable  nitrogen  hinders  nodule  production  is 
further  supported  by  A.  Hercke  (20)  who  concludes  that,  ''when  the  seal 
contains  sufficient  assimilable  nitrogen,  the  presence  of  nodules  on  the  roots 
has  no  influence  on  the  nitrogen  content  of  lupines.  When  soil  is  poor  in 
nitrogen  the  presence  of  nodules  increases  the  absolute  as  well  as  the  per- 
centage of  nitrogen  content  of  the  plant"  This  is  contradicted  by  S.  Hercke 
(21)  who  found  that  nitrogen  compoimds  as  ammonium  sulfate,  potassium 
nitrate  and  asparagin  favored  the  growth  of  nodule  bacteria. 

TABLE  4 

Nitrogen  caHcetUratums  fatal  to  nodule  production 
(From  Flamand) 


Potassium  nitiate. . 

Sodium  nitrate 

Caldum  nitiate. . . . 
Ammonium  nitiate 
Ammonium  sulfate. 


FisumseHmm 

ViiU 

FeUepdne 

1:10,000 

1:10,000 

1:10,000 

10,000 

2,000 

2,000 

2,000 

10,000 

20,000 

10,000 

20,000 

2,000 

10,000 

20,000 

10,000 

Fred  and  Gt^vI  (17)  tested  the  effect  of  soluble  nitrogenous  compounds 
on  nitrogen  fixation  in  different  kinds  of  soil  and  with  different  kinds  of  plants. 
In  general,  they  found  that  increasing  amounts  of  soluble  nitrogen  depressed 
nodule  production,  but  for  this  effect  a  larger  amount  of  soluble  nitrogen  was 
necessary  than  would  probably  ever  occur  under  field  conditions.  They  are 
supported  in  this  by  the  field  experiments  of  Ewart  (11). 

When  it  was  foimd  that  bacteria  are  responsible  for  nitrogen  fixation  in 
conjunction  with  the  plant,  the  question  arose  concerning  their  behavior 
in  this  respect  independent  of  a  host.  Several  researches  have  been  carried 
out  to  see  how  nitrogen  in  various  forms  in  the  media  influences  the  nitrogen- 
assimilating  capacity  of  this  organism  when  separated  from  the  plant.  In 
1891  Beijerinck  (4)  found  nitrogen  fixation  taking  place  by  these  bacteria 
(since  named  P$.  radicicola)  independent  of  a  plant,  when  the  media  contained 
ammonium,  sodium,  and  potassium  nitrates.  Other  early  workers  who 
reported  fixation  independent  of  the  plant  in  the  presence  of  nitrogenous 
compounds  were  Prazmowski  (42),  Berthdot  (5),  and  Frank  (14),  but  they 
said  it  was  too  small  to  be  significant.    Larger  nitrogen  fixation  was  reported 
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for  the  organism  living  independently  by  Maze  (33)  and  by  Lewis  and  Nichol- 
son (29),  the  former  finding  as  much  as  23  mgm.  of  nitrogen  fixed  in  100  cc. 
of  medimn  in  16  days. 

The  presence  of  nitrogen  is  considered  injurious  to  the  bacteria  themselves 
according  to  Moore  (34).  He  believes  that,  ''the  cultivation  of  bacteria 
upon  media  containing  appreciable  quantities  of  nitrogen  for  any  length  of 
time  is  sufficient  to  cause  them  to  lose  both  the  power  of  infection  and  that 
of  fixing  atmospheric  nitrogen."  This  is  strongly  refuted,  however,  by  Burrill 
and  Hansen  (7)  who  grew  Ps.  radicicola  on  nitrogen  media  for  30  months 
without  a  loss  of  its  special  adaptations  or  its  capacity  for  producing  nodules. 

Very  recently  Fred  (15)  found  that  Ps.  radicicola  fixed  more  nitrogen  when 
a  trace  of  this  element  was  present  in  the  medium,  but  larger  amounts  of  it 
retarded  the  process.  He  is  supported  by  still  more  recent  work  of  Hills  (23) 
who  found  that  fixation  independent  of  the  plant  was  increased  by  nitrate 
nitrogen.  His  results  vary  somewhat,  and  the  fixation  is  large  enough  to  be 
significant,  which  may  not  be  wholly  true  of  Fred's  results. 

This  review  of  literature  indicates  that  on  the  fixation  of  nitrogen  by 
legumes,  one  may  expect  a  significant  influence  from  the  nitrogen  content  of 
the  soil.  According  to  several  researches  soluble  or  assimilable  nitrogen  has 
a  depressing  influence,  especially  in  water  cultures  and  in  soils  when  used 
in  larger  amounts.  Nobbe  and  Hiltner  (37)  showed  that  the  water-culture 
method  itself  was  unfavorable  for  the  development  of  nodules,  and  conse- 
quently nitrogen  additions  under  such  conditions  may  have  been  wrongly 
interpreted.  The  use  of  soil  seems  to  be  the  best  procedure  and  duplicates 
most  nearly  the  field  relations.  Little  has  been  done,  however,  in  using 
carefully  analyzed  soil  to  measure  the  influence  of  soil  nitrogen  on  the  process 
of  nitrogen  fixation  imder  those  conditions  generally  prevailing  in  the  soil. 
The  opinions  on  this  question  are  varied,  though  the  more  recent  ones  em- 
phasize the  assimilable  or  soluble  nitrogen  of  the  soil  as  being  depressive  to 
the  efficiency  of  nitrogen-fixing  bacteria.  In  most  experiments  cited  the 
soluble  nitrogen  was  applied  as  ammonia  or  nitrate  salts  and  no  account  was 
taken  of  the  nitrogen  in  organic  matter.  Such  works  fail  to  settle  the  signifi- 
cance of  the  organic  matter  in  the  soil  concerning  symbiotic  nitrogen  fixation. 

m.    EXPERIMENTAL 

The  following  experimental  work  was  undertaken  in  order  to  study  further 
the  relation  of  symbiotic  nitrogen  fixation  to  the  nitrogen  content  of  soils, 
especially  the  total  nitrogen  as  obtained  by  usual  soil  anal3rsis.  In  advising 
the  use  of  legumes  in  a  rotation  cropping  sjrstem,  especially  for  the  soils  of  the 
Com  Belt,  which  are  moderately  high  in  total  nitrogen,  the  following  questions 
often  arise:  Will  the  legumes  fix  any  atmospheric  nitrogen  in  a  soil  already  con- 
taining large  amounts  of  this  element?  If  they  do,  how  efficient  will  they  be, 
and  what  significance  does  the  nitrogen  content  of  the  soil  have  on  the  process? 
The  following  experimental  work  was  undertaken  with  the  hope  of  contributing 
a  possible  answer  to  these  questions. 
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Plan  of  the  experiment 

In  experimental  work  necessitating  the  measurement  of  nitrogen  fixation, 
two  general  methods  have  been  widely  accepted.  The  first  one  consists  in 
growing  one  set  of  legume  plants  without  bacteria  on  the  roots,  and  another 
set  under  like  conditions  but  with  the  organism  applied.  The  difference  in 
the  nitrogen  content  of  the  two  sets  of  plants  represents  the  increase  due  to 
bacteria.  The  second  method  consists  of  careful  analyses  of  all  materials  to 
determine  the  total  nitrogen  present  both  at  the  outset  and  at  the  close  of  the 
experiment.  Under  carrfully  controlled  conditions,  with  no  nitrogen  added, 
the  increase  of  this  element  at  the  dose  over  that  at  the  beginning  represents 
nitrogen  drawn  from  the  atmosphere. 

Objections  have  been  made  to  the  first  method  on  the  ground  that  the  soil 
or  medium  in  which  the  plant  grows  is  not  taken  into  consideration.  An  in- 
crease in  the  nitrogen  content  of  the  plant  because  of  the  bacteria  may  mean 
that  the  plant  was  able  to  take  more  nitrogen  from  the  soil  and  does  not  prove 
that  all  such  increase  in  nitrogen  came  from  the  air. 

The  second  method  is  more  detailed  and  painstaking  and  gives  difficulty 
because  of  lack  of  refined  methods  for  determining  total  nitrogen.  However, 
it  measiu-es  the  total  nitrogen  in  all  materials  concerned  at  the  beginning, 
and  again  at  the  close,  so  that  the  increase  must  come  from  some  other  source 
than  the  soil.  In  carefully  controlled  conditions  this  source  must  be  the  at- 
mosphere.   The  latter  method  was  used  in  this  study. 

The  soil  used  for  the  pot  cultures  was  a  yellow  silt  loam  from  the  unglaci- 
ated  area  of  southern  Illinois  and  contained  625  pounds  of  nitrogen  per  2,000,- 
000  pounds  of  surface  soil.  It  was  extremely  low  in  organic  matter,  hence  in 
such  a  poor  physical  condition  that  at  first  sight  it  would  appear  much  like  a 
clay  or  clay  loam.  It  gave  an  add  reaction,  and  in  order  to  neutralize  this 
it  was  treated  with  caldum  carbonate  at  the  rate  of  2  tons  per  acre.  Plant 
nutrient  elements  other  than  nitrogen  were  added  in  soluble  form  during  the 
time  the  plants  were  growing  to  assure  good  fertility,  except  for  nitrogen  which 
is  the  main  defidency  in  the  soil  (26).  This  soil  was  chosen  because  it  was  so 
low  in  nitrogen,  and  would  offer  a  low  nitrogen  basis,  which  had  become  stable 
because  of  years  of  weathering,  and  which  could  be  increased  by  several  large 
increments  without  surpassing  the  nitrogen  content  of  the  more  fertile  soils. 

Two  kinds  of  legumes  were  grown,  soybeans  and  cowpeas.  The  first  series 
induded  soybeans  but  failed  to  do  as  well  as  expected  in  greenhouse  work. 
They  were  replaced  by  cowpeas  for  the  later  series  which  were  grown  out-of- 
doors  during  most  of  the  time.  Insects  molested  the  plants  in  all  series  and 
were  combatted  with  chemicals  containing  no  nitrogen.  Red  spiders  were 
espedally  prevalent  and  were  sprayed  with  cold  water  or  potassium  sulfide 
solution.  During  the  first  series  a  fungus  gnat  {Sciaria  mycelophUidae)  (18) 
infested  the  soils  which  were  high  in  organic  matter.  Later  troubles  from  this 
insect  were  not  experienced.    Insect  infestations  were  prevalent  on  all  plants, 
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SO  that  even  though  they  may  have  hindered  growth  to  some  extent,  their 
disturbances  would  not  prevent  comparable  results. 

In  the  first  series  whidi  contained  soybeans,  four  duplicate  series  of  1-gallon 
pots  were  used  with  the  soil  treatments  given  in  table  5. 


TABLES 

Soil  treatments  in  crop  series  1 
(Soybeans) 


mnOGSN  ADDED  TO  SOIL  (POUMDS  FBR  2,000,000  POUMDS  OT  SOIL) 


Pot  series  1 


1-2 
5-4 
5-6 
7-8 
<^10 


None  (not  inoculated) 

None 
10  pounds  as  nitrate 
50  pounds  as  nitrate 

150  pounds  as  nitrate 


Pot  series  2 


11-12 
13^14 
15-16 
17-18 
1<^20 


1000  pounds  as  clover  tops 
2000  pounds  as  clover  tops 
3000  pounds  as  clover  tops 
4000  pounds  as  clover  tops 
5000  pounds  as  dover  tops 


Pot  series  3 


21-22 
23-24 
25-26 
27-28 
29-30 


1000  pounds  as  clover  tops  and  10  pounds  as  nitrate 
2000  pounds  «is  clover  tops  and  10  pounds  as  nitrate 
3000  pounds  as  clover  tops  and  10  pounds  as  nitrate 
4000  pounds  as  clover  tops  and  10  pounds  as  nitrate 
5000  pounds  as  clover  tops  and  10  pounds  as  nitrate 


Pot  series  4 


31-32 
33-34 
35-36 
37-38 
39-40 


1000  pounds  as  clover  tops  and  50  pounds  as  nitrate 
2000  pounds  as  clover  tops  and  50  pounds  as  nitrate 
3000  pounds  as  clover  tops  and  50  pounds  as  nitrate 
4000  pounds  as  clover  tops  and  50  pounds  as  nitrate 
5000  pounds  as  clover  tops  and  50  pounds  as  nitrate 


The  addition  of  nitrate  nitrogen  and  clover  tops  was  made  on  the  basis  of 
one  acre,  or  2,000,000  pounds  of  soil.  In  all  cases  a  constant  amount  of  soil 
was  used,  and  the  increasing  amounts  of  clover  tops  added  gave  increasing 
amounts  of  substrate  for  the  plants  in  the  series.  This  treatment  also  brought 
about  decided  changes  in  the  soil's  physical  condition.  Four  pots  were  used 
as  checks.  All  pots  in  the  series  were  inoculated  except  two  of  the  check  pots, 
no.  3  and  4,  which  remained  uncontaminated  and  showed  no  nodules  at  the 
dose  of  the  experiment. 
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TABLE  6 

Sail  treatments  in  crop  series  2 
(Cowpeas) 


MmOOBN  ADDED  TO  SOIL  (POXTKDS  PEft  2,000,000  romiDS  OF  SOO) 


Pot  series  1 

la-2a 

None 

3a-4a 

10  pounds  as  nitrate 

5a-da 

25  pounds  as  nitrate 

7a-^ 

50  pounds  as  nitrate 

9a-10a 

100  pounds  as  nitrate 

Pot  series  2 


1-2 

None  (not  inoculated) 

3-4 

None 

11-12 

1000  pounds  as  clover  tops 

13^14 

2000  pounds  as  clover  tops 

15-16 

3000  pounds  as  clover  tops 

17-18 

4000  pounds  as  clover  tops 

1<^20 

5000  pounds  as  clover  tops 

TABLET 

SoU  treatments  in  crop  series  3 
(Cowpeas) 


trmOOBN  ADDED  TO  SOIL  (POUNDS  PEE  2,000,000  POUMDS  07  SOIX) 


Pot  series  1 

lb-2b 

None 

3l>-4b 

50  pounds  as  nitrates 

5b-6b 

100  pounds  as  nitrates 

7b-«b 

150  pounds  as  nitrates 

9b-10b 

200  pounds  as  nitrates 

llb-12b 

250  pounds  as  nitrates 

13b-14b 

50  pounds  as  nitrates  (added  at  intervals) 

Pot  series  2 

1-2 

None 

3-4 

None 

11-12 

1000  pounds  as  clover  tops 

13-14 

2000  pounds  as  clover  tops 

15-16 

3000  pounds  as  clover  tops 

17-18 

4000  pounds  as  clover  tops 

lS>-20 

5000  pounds  as  clover  tops 

Digitized  by 


Google 


SYMBIOTIC  NITROGEN  FIXATION  287 

The  second  series  was  seeded  with  cowpeas,  and  contained  two  pot  series, 
one  treated  with  nitrates,  and  one  with  organic  matter.  Original  soil,  the 
same  as  used  previously,  was  treated  with  nitrate  nitrogen,  while  the  series 
treated  with  organic  matter  consisted  of  a  part  of  those  soils  used  in  the  first 
crop  series  The  four  check  pots  and  the  ten  pots  that  had  been  treated  with 
nitrogen  as  clover  tops  only,  were  taken  to  complete  this  series.  These  soils 
were  in  better  physical  condition  and  the  stage  of  most  rapid  decay  seemed  to 
have  been  passed.  Constant  amounts  of  soil  (3300  gm.  water-free  soil)  were 
weighed  into  each  pot.  All  pots  were  inoculated  except  the  two  check  pots, 
but  evidently  these  were  already  inoculated,  or  became  contaminated,  for 
nodules  were  present  at  the  dose  of  the  series.  This  crop  series  with  its  treat- 
ment is  summarized  in  table  6. 

The  third  series  was  similar  in  soil  treatment  to  that  of  the  second.  Some 
of  the  original  soil  was  treated  with  nitrates  for  one  pot  series,  while  those 
soils  which  had  been  used  in  both  previous  series  were  used  for  the  other  pot 
series.  Cowpeas  were  grown  as  the  crop.  The  treatments  are  given  in  table 
7. 

The  last  two  series  in  which  cowpeas  were  grown  were  kept  out-of-doors 
near  the  greenhouse  for  much  of  the  time.  This  seemed  to  favor  better  growth, 
and  lessened  the  insect  troubles.  Care  was  taken  to  move  the  plants  inside 
before  rain  and  only  once  did  rain  fall  on  each  series.  It  was  only  a  slight 
shower  and  the  effects  in  adding  nitrogen  were  negligible. 

Analytical  methods 

The  usual  analytical  methods  were  employed.  To  measure  the  total  nitro- 
gen in  organic  matter  such  as  seeds  and  plants,  the  materials  were  digested 
with  mercury  and  sulfuric  add  or  with  add  and  sodium  sulfate,  neutralized 
with  sodium  hydroxide  and  potassium  sulfide,  distilled  into  standard  acid  and 
titrated  with  standard  alkali.  For  the  total  nitrogen  determination  on  soils, 
10-gm.  samples  were  first  dried  for  8  hours  at  a  temperature  of  107**-108**C., 
the  loss  in  moisture  determined,  and  then  transferred  for  digestion.  Sulfuric 
add  containing  salicylic  add  was  added  and  allowed  to  stand  for  some  time, 
usually  over  night.  Sodium  thiosulfate  was  introduced  and  heated  slowly 
imtil  frothing  ceased.  Mercury  was  then  added  and  digested  to  clearness, 
potassium  permanganate  being  used  to  assure  complete  oxidation.  This  was 
then  neutralized  with  alkali  and  distilled  into  standard  add,  according  to  the 
usual  procedure. 

For  the  determination  of  nitrate  nitrogen,  samples  of  soil  were  dried  at  107^- 
108*'C.  for  8  hours  and  then  extracted  with  0.0625  N  hydrochloric  add.  After 
being  made  alkaline,  the  ammonia  was  boiled  off,  and  the  original  volume  re- 
placed by  nitrogen-free  water.  Devarda's  metal  was  added,  the  reduced 
nitrogen  distilled  into  0.0357  N  standard  sulfuric  add  and  titrated. 
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In  all  the  determinatioBS  the  greatest  caie  was  exercised.  The  organic 
matter  was  dried,  weighed,  thoroughly  ground,  and  kq>t  in  air-tight  containers 
to  prevent  decided  variations  in  moisture  content  before  an  entire  series  could 
be  analyzed.  Purest  chemicals  were  used  and  all  reagents  were  made  up  in 
large  amounts  to  insure  greater  uniformity  in  results.  Standard  acid  for  ni- 
trogen in  soil  was  of  1/14  normality  and  with  sodium  alizarin  sulfonate  as  an 
indicator,  titrations  checked  within  0.2  cc,  a  variation  equivalent  to  0.2  mgm. 
nitrogen  in  10-gm.  samples,  or  40  pounds  of  nitrogen  in  2,000,000  pounds  of 
soil.  For  nitrate  determinations,  a  sulfuric  add  of  1/28  normality  was  used 
and  0.2  cc  allowed  as  variation  in  duplicates.  Determinations  in  moisture 
loss  for  10-gm.  samples  were  usually  less  than  6  mgm.  All  calculations  and 
determinations  for  soil  were  on  the  water-free  basis  to  insure  uniformity. 
Samples  were  run  in  triplicate  and  quadruplicate  to  ofiFset  errors.  Only  doubly 
distilled  nitrogen-free  water  was  used,  both  in  analytical  work  and  in  the  pot 
cultures. 

Discussion  of  crop  series 

Series  1  (Soybeans) 

The  soil  for  this  series  was  thoroughly  mixed  in  a  quantity  large  enough  for 
all  the  pots.  To  determine  the  nitrogen  in  it,  a  large  sample  was  taken  and 
ground  to  pass  a  100-mesh  sieve  and  then  analyzed  for  total  nitrogen.  Ac- 
cording to  the  analysis,  30-gm.  quantities  of  air-dry  soil,  which  were  equivalent 
to  29.1970  gm.  water-free  soU,  contained  9.1S68  mgm.,  or  0.03136  per  cent 
nitrogen  on  the  latter  basis,  as  an  average  of  five  determinations  varying  less 
than  0.2  mgm.  Each  pot  received  3500  gm.  of  soil  with  a  moisture  content  of 
14.01  per  cent,  or  the  equivalent  of  3421  gm.  of  water-free  soil,  and  a  nit  ogen 
content  according  to  the  above  anal3rsis  of  1072  mgm. 

For  one  pot  series  the  soil  was  treated  with  nitrate  nitrogen  only,  at  the  rate 
of  17.2, 86.0  and  258  mgm.  of  nitrogen  per  pot,  or  the  equivalent  of  10,  50  and 
ISO  pounds  per  2,000,000  pounds  of  soil.  For  three  additional  pot  series  the 
nitrogen  in  the  soil  was  increased  at  increments  equivalent  to  1,000  pounds  of 
nitrogen  per  2,000,000  pounds  of  soil  by  means  of  finely  ground  dover  tops. 
The  dover  tops  contained  2.709  per  cent  of  nitrogen,  as  an  average  of  12  analy- 
ses. With  3500  gm.  of  soil  per  pot  an  increment  of  1000  pounds  per  2,000,000 
— one  part  in  2000 — required  1.75  gm.  of  nitrogen,  or  64.6  gm.  of  dover  tops. 
Accordingly,  for  the  second  pot  series  enough  dover  tops  were  added  to  give  a 
series  of  the  original  soil,  whose  nitrogen  was  increased  at  the  rate  of  1000, 
2000,  3000,  4000  and  5000  pounds  per  acre.  The  third  series  was  similar  to 
the  second  except  that  in  addition  to  the  organic  matter  sodium  nitrate  also 
was  added  to  all  the  pots  at  the  rate  of  10  pounds  of  nitrogen  per  2,000,000. 
pounds  of  soil,  while  the  fourth  series  differed  from  the  third  only  by  the  addi- 
tion of  sodium  nitrate  at  the  rate  of  50  pounds  of  nitrogen  instead  of  10.  This 
gave  one  pot  series  whose  nitrogen  was  increased  as  nitrate,  one  with  increas- 
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ing  nitrogen  in  oiganic  matter  as  dover  tops,  another  increasing  with  clover 
tops  and  10  pounds  of  nitrate  nitrogen  and  tiie  fourth  whose  nitrogen  increased 
as  clover  tops  and  50  pounds  of  nitrate  nitrogen.  The  addition  of  varying 
amounts  of  dover  tops  to  3500  gm.  of  soil  increased  the  amount  of  soil  in  the 
pots,  so  that  the  weight  of  soil  in  the  different  pots  was  not  a  constant  figure. 

According  to  Hilgard  (22)  and  others,  the  best  moisture  content  of  soils 
for  proper  plant  development  is  one-half  of  the  moisture-holding  capadty. 
On  this  basis,  detenninations  of  moisture-holding  capadty  were  made  on 
these  soil  series  as  modified  by  additions  of  clover  tops,  and  the  water  applied 
to  the  pots  in  quantities  to  give  the  equivalent  of  50  per  cent  of  the 
moisture-holding  capadty.  An  attempt  was  made  to  maintain  such  conditions 
throughout  the  experiment  by  wdghing  the  pots  at  intervals,  but  the  labor  in- 
volved was  large  and  the  growth  of  the  crops  prohibited  absolute  accuracy. 
It  was  therefore  necessary  to  apply  the  water  according  to  one's  best  judg- 
ment. The  presence  of  large  amounts  of  organic  matter  caused  trouble  in 
keeping  the  moisture  at  optimum  amounts. 

Soybean  seeds  were  sdected  so  that  each  seed  weighed  140  mgm.  Six  of 
these  were  planted  in  each  pot,  in  order  that  five  vigorous  plants  might  be 
assured  in  spite  of  low  vitality  and  poor  germination.  The  sixth  plant  or  seed 
was  removed  after  suffident  time  had  elapsed  for  the  plants  to  get  well  started. 
According  to  the  analyses  of  the  beans,  each  seed  contained  an  average  of  9 
mgm.  of  nitrogen. 

The  growth  of  this  series  was  fair.  Numerous  replantings  were  necessary 
because  the  large  amounts  of  fresh  oiganic  matter  interfered  with  proper  germi- 
nation of  the  seeds,  a  difficulty  experienced  also  by  Fred  (16)  at  Wiscon^  and 
by  others  at  Illinois  with  oats,  cowpeas  and  dover  after  turning  under  alfalfa. 
The  injurious  effects  were  more  marked  with  the  increase  in  organic  matter 
so  that  on  the  pots  receiving  dover  tops  at  the  rate  of  5000  pounds  of  nitrogen 
per  2,000,000  pounds  of  soil,  only  small  plants  were  produced.  These  effects 
were  not  offset  by  the  nitrate  nitrogen  added  at  the  rate  of  10  pounds  and  50 
pounds  per  2,000,000  along  with  the  organic  matter.  Some  plants  "damped- 
off"  at  the  age  of  four  weeks,  while  others  died  later.  The  growth  was  much 
influenced  by  the  organic  matter  in  the  soil,  being  the  best  of  the  entire  series 
where  1000  and  2000  pounds  of  nitrogen  had  been  added  as  dover  tops,  but 
deddedly  poorer  in  soil  with  larger  amounts  of  this  material  added.  The 
plants  showed  a  less  deep  color,  smaller  leaves,  less  branching  and  more  trans- 
location, with  the  increase  in  organic  matter  above  the  equivalent  of  2000 
pounds  of  nitrogen  per  acre. 

The  effect  of  the  nitrates  was  marked  in  the  soil  when  these  were  added 
alone,  but  gave  no  appreciable  effect  when  coupled  with  the  oiganic 
matter.  In  the  soil  alone,  the  increasing  amounts  of  nitrates  gave  im- 
proved plant  growth  for  the  early  part  of  the  plant  season,  but  these 
differences  were  obliterated  when  the  crop  matured,  as  was  shown  by  the 
weights  and  nitrogen  content  of  the  crop.  The  differences  in  the  four 
pot  series  just  before  their  close  are  shown  in  plate  1. 
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Nitrates  in  soil  growing  soybeans.  Before  removing  the  plants  at  harvest, 
samples  of  soil  were  taken  and  nitrates  determined  by  extraction  and  reduction 
with  Devarda's  alloy.  Forty-gram  samples  of  water-free  soil  were  used.  De- 
terminations on  those  pots  with  organic  matter  added  were  somewhat  erratic 
and  failed  to  check  well  in  duplicate.  Since  large  amounts  of  organic  matter 
are  known  to  interfere  with  reduction  methods  (9,  48)  and  give  high  results, 
full  credence  cannot  be  placed  on  the  results  from  these  soils  with  organic 
matter.    Table  8  gives  the  results  of  the  determinations  of  nitrates. 

TABLES 
Niiraie  niirogm  in  soil  growing  soybeans 


FOI 

MmOOBH  ADDKD  (POUMDS  FDL  2,000,000  rOUMM  Of  SOIL) 

MxxuoaAia 
son. 

MILUaiAMI 
FULPOT 

POUMIM  VKK 

2,000;M» 
FomnMov 

SOIL 

1 

None 

0.337 

28 

16.8 

2 

None 

0.366 

31 

18.3 

3 

None 

0.378 

32 

18.9 

4 

None 

0.337 

28 

16.8 

5 

10  pounds  as  nitrate 

0.397 

33 

19.8 

6 

10  pounds  as  nitrate 

0.378 

32 

18.9 

7 

50  pounds  as  nitrate 

0.337 

28 

16.8 

8 

50  pounds  as  nitrate 

0.397 

33 

19.8 

9 

150  pounds  as  nitrate 

1.353 

115 

67.6 

10 

150  pounds  as  nitrate 

1.533 

131 

76.6 

11 

1000  pounds  as  clover  tx>ps 

2.031 

176 

100.0 

12 

1000  pounds  as  clover  tx>ps 

0.816 

71 

40.0 

13 

2000  pounds  as  clover  tops 

2.442 

216 

122.0 

14 

2000  pounds  as  clover  tops 

5.835 

516 

291.0 

15 

3000  pounds  as  clover  tops 

15.852 

1425 

792.0 

16 

3000  pounds  as  clover  tops 

12.585 

1132 

629.0 

17 

4000  pounds  as  clover  tops 

9.459 

864 

472.0 

18 

4000  pounds  as  clover  tops 

9.757 

892 

487.0 

19 

5000  pounds  as  clover  tops 

8.403 

780 

420.0 

20 

5000  pounds  as  clover  tops 

8.722 

810 

436.0 

From  the  above  table  it  is  evident  that  the  pots  receiving  the  equivalent  of 
10  and  SO  pounds  of  nitrate  nitrogen  per  acre  contained  no  more  nitrogen  in 
this  form  at  the  dose  of  the  series  than  the  pots  left  untreated.  Evidently  the 
plants  consumed  all  that  was  applied,  since  soil  conditions  were  unfavorable 
to  denitrification,  the  other  possible  chance  for  nitrate  removal.  With  the 
pots  receiving  the  equivalent  of  150  pounds  per  acre  the  conditions  were  dif- 
ferent and  the  nitrate  content  was  much  higher.  The  application  of  such  a 
large  amount,  far  above  that  needed  for  the  plant  growth,  left  some  in  the  soil, 
since  no  leaching  took  place  and  the  open  soil  prohibited  denitrification.  This 
woidd  suggest  that  such  a  large  application  supplies  more  nitrogen  than  a 
single  crop  of  soybeans  can  remove. 
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In  the  soils  with  organic  matter  the  figures  indicate  excessive  amounts  of 
nitrates,  reaching  the  maximum  in  the  pots  receiving  5000  pounds  of  nitrogen 
as  clover  tops  per  2,000,000  pounds  of  soil,  and  decreasing  somewhat  with  the 
heavier  applications.  The  high  results  may  have  been  caused  partly  by  the 
interference  of  the  organic  matter. 

Nodule  production  by  soybeans.  When  the  plants  were  harvested,  the  roots 
were  removed  from  the  soil  as  completely  as  possible  and  studied  for  nodule 
production.  Pots  1  and  2,  untreated,  which  had  not  been  inoculated  at  the 
outset  were  still  sterile  in  respect  to  the  soybean  bacteria,  containing  no  nod- 
ules and  showing  no  contamination  from  the  inoculated  pots  all  about  them. 
This  indicates  that  there  is  no  great  danger  of  inoculation  by  contamination 
in  an  experiment  of  short  duration  of  this  kind  with  soybeans  when  no  special 
precautions  are  taken.  In  the  pots  in  this  series,  treated  with  sodium  nitrate, 
many  good-sized  nodules  were  present  giving  no  visible  effect  from  the  nitrate 
treatment  either  on  the  size  or  on  the  number  of  the  nodules,  except  perhaps  in 
the  two  pots  receiving  the  equivalent  of  150  pounds  of  nitrogen  per  acre.  In 
these  the  nodules  were  smaller,  but  this  difference  was  offset  by  increased 
numbers. 

In  the  pot  series  treated  with  clover  tops,  nodule  production  decreased  with 
added  amounts  of  organic  matter.  However,  in  the  soils  with  the  highest  ap- 
plication there  was  such  a  poor  development  of  the  plants  that  very  few 
nodules  could  be  expected.  The  low  vitality  and  poor  plant  growth  rather 
than  any  disturbing  factors  in  the  soil  may  have  been  the  cause  of  insignificant 
nodule  formation.  There  was  no  evidence  to  indicate  that  with  healthy  plants 
nodule  production  would  have  been  prohibited  by  these  large  amounts  of  or- 
ganic matter. 

In  the  soil  treated  with  such  large  amounts  of  clover  tops  as  would  give  5000 
pounds  of  nitrogen  in  2,000,000  pounds  of  soil,  the  original  composition  and 
physical  make-up  were  radically  altered.  Such  modifications  of  soil  condi- 
gions  invited  the  infestation  by  a  winged  fungus  gnat  {Sciara  mycdopkUidae) 
which  may  have  consumed  and  removed  much  of  the  nitrogen.  The  open  soil 
structure  and  a  plentiful  food  supply  in  the  form  of  decaymg  organic  matter 
furnished  an  excellent  habitat  for  these  small  insects.  The  infestation  origin- 
ated in  the  pots  with  the  heaviest  applications  of  organic  matter,  but  spread 
to  all  pots  so  treated.  Its  duration  was  limited  to  a  certain  stage  or  period  in 
the  decomposition  of  the  organic  matter,  and  the  insects  were  present  only 
long  enough  to  develop  the  larvae  and  pupae  of  one  generation.  They  may 
have  been  a  disturbing  factor  of  which  no  account  could  be  taken,  and  may 
have  been  partly  responsible  for  the  losses  of  nitrogen  in  these  series. 

In  tables  9, 10, 1 1  and  12  is  given  the  nitrogen  balance  for  the  four  pot  series 
with  soybeans.  Many  of  the  anal3rtical  data  are  omitted  and  only  the  sum- 
mation figures  are  given  to  show  the  balance  between  the  total  nitrogen  in  the 
soil  and  seed  at  the  beginning,  and  that  of  the  soil  and  crop  at  the  dose.  Fig- 
ures given  are  the  results  of  quadruplicate  determinations  in  the  soil,  while  in 
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the  crop  the  total  material  was  analyzed.  Four  pots  given  in  the  first  series 
are  used  as  the  checks  for  the  remaining  pot  series. 

Following  the  tables  is  a  gn^hical  representation  of  the  increases  and  losses 
in  total  nitrogen  shown  in  the  tables.  The  ordinates  represent  milligrams  of 
nitrogen  gained  or  lost  while  the  abscissas  represent  nitrate  nitrogen  added  to 
the  soil  in  case  of  one  curve,  and  the  total  nitrogen  present  in  the  soil  at  the 
outset  for  the  remaining  curves. 

Instead  of  showing  an  increase  in  nitrogen,  most  pots  show  a  decrease.  In- 
creases in  nitrogen,  when  they  occur,  are  insignificant  as  compared  with  the 

TABLE  9 

NUr0g<m  haiame^-^oybwns 

Pot  aeries  1,  soil  treated  with  nitrates 


fOT 

Om  ATM>KP 

BAIOUI 

WATU- 

nn  son. 

mTEOOKir 

Of 

BAimx 

MRIO- 

onriM 

POT  AT 
CLOU 

oior 

Minto- 

GENni 
OOP 

NIROOEN 

ATCL08B 

(SOIL  + 

OtOP) 

irmo- 

ODIAT 
OVTSKT 
(801L  + 
SXSD) 

DICKXABI 

OK 
nXAXKMf 

Avn- 

waii^^ 

AOB 

mtm. 

fW. 

MfW. 

MfW. 

fW. 

mtm. 

mtm. 

mim. 

mtm. 

«fM. 

1 

2 

3 
4 

None  (uninoc- 

ulated) 
None  (uninoc- 

ulated) 
None 
None 

9.8394* 

9.8215 
9.8260 
9. 8288 

2.8713* 

2.9714 
2.9848 
2.8864 

998 »» 

1032 
1040 
1003 

2.9 

4.0 
3.5 
3.85 

36* 

58 
98 
89 

1034 

1090 
1138 
1092 

1117* 

1117 
1117 
1117 

-83 

-55  '' 

21 
-25 

-36 

5 

6 

17.2 
17.2 

9.7864 
9.8025 

2.8783 
2.9714 

1005 
1037 

3.85 
4.75 

95 
98 

1100 
1135 

1134 
1134 

:1} 

-16 

7 
8 

86 
86 

9.8029 
9.8183 

2.9140 
2.8498 

1016 
992 

5.12 
4.25 

113 
98 

1129 
1090 

1203 
1203 

-74\ 
-113/ 

-93 

9 
10 

258 
258 

9.8087 
9.8190 

3.2243 
3.1790 

1124 
1106 

4.25 
3.70 

124 
151 

1248 
1257 

1375 
1375 

-127\ 
-iW 

-122 

*  Average  of  four  delenninations,  or  duplicates  made  at  two  different  times, 
^  Based  on  3421  gm.  water-free  soil  in  each  pot. 

•  Found  by  analyzmg  entire  crop,  roots  and  tops. 

^  Based  on  the  analyses  of  the  soil  at  the  outset  giving  0.03136  per  cent  of  nitiogen,  or 
1072  mgm.  of  nitrogen  in  each  pot  with  3421  gm.  of  soil,  and  5  seeds  containing  45  mgm.  of 
nitrogen.    Additions  of  nitrate  were  equivalent  to  17.2,  86  and  258  mgm.  of  nitrogen. 


When  the  soU  was  treated  with  nitrates  only,  one  of  the  duplicate  pots 
showed  an  increase  in  nitrogen  at  the  close  over  that  present  at  the  outset, 
but  this  increase  was  within  the  limit  of  difference  between  duplicate  determi- 
nations which,  when  calculated  per  pot,  was  60  mgm.  of  nitrogen.  The  limits 
of  error  in  nitrogen  per  pot  were  less,  however,  than  this  figure,  as  a  result  of 
quadruplicate  anal3rsis.  The  largest  loss  of  nitrogen  was  127  mgm.  As  more 
nitrate  nitrogen  was  added  at  the  beginning,  the  loss  at  the  close  increased, 
corresponding  closely  to  the  amount  added.    This  indicates  that  perhaps  the 


Digitized  by 


Google 


SYMBIOTIC  NmOGEN  FIXATION 


293 


analytical  procedure  failed  to  detect  the  nitrate  nitrogen  added.  Had  the 
nitrate  nitrogen  been  incoq^rated  into  the  plant  tissue  as  protdn,  it  would 
certainly  have  been  found;  but  it  might  be  possible,  in  spite  of  all  care  in  this 
respect,  that  such  snuiU  amounts  of  nitrate  were  not  detected  by  the  analysis 
for  total  nitrogen  at  the  close.  Later  crop  series  receiving  far  larger  amounts 
of  nitrogen  as  nitrate,  failed  to  show  any  such  discrepancies. 

TABLE  10 

NUrogen  balance — Saybeofu 

Pot  series  2,  soil  treated  with  dover  t<^ 


roT 

xmo- 
onr 

AOOID 
AS 

CLOVBI 
TOTS 

SAMIU 

WATU- 

SOIL 

mXBOOBf 

nrsAimB 

son.  IN 

fOT 

mxio- 
onrnr 

fOTAT 
CLOtB 

otor 

mxio- 
ODror 
cior 

Mino- 

OEHAT 

CbOSB 

(SOXL  + 

CEor) 

Mino- 

GXHAT 
OVTSST 

(■oa  + 

SBBD) 

nr- 

OE 

wnuaum 

ATBK- 

AGS 

mm. 

cm. 

«CM. 

tm. 

mm. 

CM. 

«c«. 

sicw. 

mtm. 

mtm. 

«c»* 

11 

1750* 

9.8361>> 

7.7461»» 

3480 

2740- 

2.85 

122 

2862 

2867 

163/ 

79 

12 

1750 

9.8385 

8.0541 

3480 

2848 

4.70 

182 

3030 

2867 

13 

3500 

9.8279 

12.3984 

3539 

4464 

4.15 

189 

4653 

4617 

361 
145/ 

90 

14 

3500 

9.8216 

12.7212 

3539 

4583 

4.05 

179 

4762 

4617 

15 

5250 

9.7951 

15.4721 

3598 

5683 

3.55 

199 

5882 

6367 

-485\ 
-218/ 

-351 

16 

5250 

9.7905 

16.3141 

3598 

5995 

2.70 

154 

6149 

6367 

17 

7000 

9.7815 

19.9884 

3657 

7473 

1.85 

131 

7604 

8117 

-513\ 

-834/ 

-673 

18 

7000 

9.8248 < 

19.3026 

3657 

7184 

1.70 

99 

7283 

8117 

W 

8750 

9.7879 

23.2323 

3716 

8820 

1.25 

91 

8911 

9867 

-956\ 

-947/ 

-951 

20 

8750 

9.8146 

23.3436 

3716 

8838 

1.20 

82 

8920 

9867 

*  Clover  t<^  added  were  figured  on  the  basis  of  3500  goL  of  soil  per  pot  instead  of  3421, 
hence  are  not  truly  equivalent  to  the  number  of  pounds  per  2,000,000  pounds  of  soil  as  the 
increments  were  intended. 

^  Average  of  four  determinations,  or  duplicates  made  at  two  different  times. 

*  Based  on  water-free  soil  in  pot  as  given  in  fifth  column. 
<>  Found  by  analyzing  entire  crop,  roots  and  tops. 

«  Baaed  on  the  analyses  of  the  soil  at  the  outset  givmg  0.03136  per  cent  of  nitrogen,  or 
1072  mgm.  of  nitrogen  in  each  pot  with  3421  gm.  of  soil,  and  5  seeds  containing  45  mgm.  of 
nitrogen. 

'  Two  determinations  only. 

In  the  three  series  receiving  organic  matter  alone  and  organic  matter  in 
conjunction  with  10  and  50  pounds  of  nitrogen  as  nitrate,  there  was  an  increase 
in  nitrogen  for  all  pots  receiving  clover  tops  equal  to  1000  pounds  of  nitrogen 
per  acre,  and  for  two  pots  treated  with  organic  matter  equivalent  to  2000 
pounds  of  nitrogen.  All  other  pots  in  these  three  series  showed  decided  losses. 
In  the  pots  with  the  equivalent  of  5000  pounds  of  nitrogen  added  as  clover 
tops  this  loss  ran  as  high  as  1 150  mgm.  of  nitrogen  in  some  few  cases. 
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These  large  losses  must  have  resulted  from  the  very  rapid  decomposition  of 
the  fresh  organic  matter  and  doubtless  the  nitrogen  of  the  clover  tops  escaped 
as  gaseous  ammonia.  The  excessive  application  encouraged  rapid  decomposi- 
tion, and  with  320  gm.  of  clover  tops  incorporated  in  3421  gm.  of  soil,  the  pro- 
portion of  soil  may  have  been  too  small  to  absorb  all  the  ammonia.  The  losses 
increased  fairly  r^ularly  with  larger  applications  of  clover  tops,  though  in  no 
definite  mathematical  relation. 

TABLE  11 
NUrogen  balance— Soybeans 
Pot  aeries  3,  soil  treated  with  clover  tops  and  10  pounds  of  nitrate  nitrogen 


21 
22 
23 
24 
25 
26 
27 
28 
29 
30 


( 


1750*  as  clover 

tops  and 
17.2  as  nitrate 


3500  as  clover 

t<^and 
17.2  as  nitrate 

'5250  as  dover 

tc^and 
17.2  as  nitrate 

7000  as  clover 

tops  and 
17.2  as  nitrate 

8750  as  clover 

tc^and 
17.2  as  nitrate 


9.7732»» 

9.7804 

9.7684 

9.7537 

9.7672 

9.7629 

9.7648 

9.7642 

9.7626 

9.7556 


MfW. 


9007i>  3480  2813 


7 

8.1348 
11.8428 
12.1518 
14.8770 
15.7567 
18.6387 
19.2363 
22.6532 
22.4843 


34802894 


35394290 


gm. 


3539 
3598 
3598 
3657 
3657 
3716 


& 

Is 


4409 
5480 
5806 
6980 
7204 
8628 


37168653 


gm, 
3.85 

4.1 

4.2 

3.9 

2.2 

2.0 

1.9 

1.85 

0.05 

1.80 


144«« 
167 
167 
169 
123 
126 
105 
126 
73 
110 


It! 


2957  2884  < 


3061 
4457 


2884 
4634 


5603 


r 


45784634 


6384 


5932  6384 


70858134 


73308134 


87019884 


87639884 


8> 


73l 

mj 
-ml 

-56j 
-781] 

-452J 

-949 
-804 
-1183 
-1121 


125 


-116 


-616 


-876 


-1152 


*  Clover  tops  and  nitrate  added  were  figured  ou  the  basis  of  3500  gm.  of  soil  per  pot  in- 
stead of  3421,  hence  are  not  truly  equivalent  to  the  number  of  pounds  per  2,000,000  pounds 
of  soil  as  the  increments  were  intended. 

^  Average  of  four  detenninations,  or  duplicates  made  at  two  different  times. 
«  Baaed  on  weights  of  soil  given  in  fifth  column. 
^  Found  by  analyzing  entire  crop,  roots  and  tops. 

*  ^trogen  in  soil  1072  mgm.,  nitrogen  in  seed  45  mgm.,  nitrogen  in  64.59  gm.  clover  tops 
equivalent  to  1000  pounds  per  acre  1750  mgm.,  and  nitrogen  as  nitrate  17.2  mgm. 

From  the  data  of  this  series,  one  cannot  say  with  any  great  certainty  that 
the  soybeans  so  grown  used  atmospheric  nitrogen.  The  treatment  of  nitrate 
apparently  prevented  an  increase  in  nitrogen  while  the  treatment  of  dover  tops 
equal  to  1000  poimds  of  nitrogen  gave  an  increase  of  nitrogen.    This  must 
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have  come  from  the  air  in  the  form  of  nitrogen  fixation.  The  fact  that  there 
is  a  loss  of  total  nitrogen  in  the  system  does  not  deny  the  possibility  of  the 
plants  fixing  nitrogen,  for  the  l^ume  may  have  used  atmospheric  nitrogen  at 
the  same  time  this  escape  from  the  soil  was  taking  place. 

The  crop  growth  on  all  these  series  was  small,  and  the  total  nitrogen  in  the 
crop  of  any  pot  never  exceeded  200  mgm.    With  such  small  plant  growth  no 

TABLE  12 

Nitrogen  balance— Soybeans 
Pot  series  4,  soil  treated  ^  ith  clover  tops  and  50  pounds  of  nitrate  nitiogen 


mnOGKir  ADDKD 


31 
32 
33 
34 
35 
36 
37 
38 
39 
40 


1750*  as  clover 

tops  and 
'86  as  nitrate 


[3500  as  clover 

tops  and 
86  as  nitrate 

15250  as  clover 
tops  and 
86  as  nitrate 

7000  as  dover 

tops  and 
86  as  nitrate 

8750  as  clover 

tops  and 
86  as  nitrate 


gm, 

9.7603»» 


MIROOXN 

orsAimB 


mgm. 


9.7656 
9.7694 
9.7561 
9.7481 
9.7474 
9.7386 
9.7546 
9.7601 
9.7570 


8.4575>>  3480  3015 
7.9314 


12.0295 
12.0698 
15.0377 
16.7461 
19.6224 
18.4956 
23.3127 
22.6049 


35394378 


gm. 


34802826 


3539 


3598 
3598 
3657 
3657 


gm.  mgm. 


4357 


5550 
6181 
7368 
6934 


37168875 


37168609 


3.6 

3.3 

3.25 

3.05 

1.5 

1.5 
1.65 
0.9 
1.05 


140 
144 
152 
93 
122 
101 
103 
47 
79 


154<>  31692953*   216 


29662953 
45014703 
45304703 


5643 
6303 
7469 
7037 
8922 


6463 
6463 
8203 
8203 
9953 
86889953 


13 
-202 
-173^ 
-820] 
-160  J 
-734 
-1166 
-1031 
-1265 


ilfW. 

114 
-187 
-490 
-950 

-1148 


*  Clover  tops  and  nitrate  added  were  figured  on  the  basis  of  3500  gm.  of  soil  per  pot  in- 
stead of  3421,  hence  are  not  truly  equivalent  to  the  number  of  pounds  per  2,000,000  pounds 
of  soD  as  the  increments  were  intended. 

^  Average  of  four  determinations  or  duplicates  made  at  two  different  times. 
«  Based  on  weights  of  soil  given  in  fifth  column. 
^  Found  by  analyzing  entire  crop,  roots  and  tops. 

*  Nitrogen  in  soil  1072  mgm.,  nitrogen  in  seed  45  mgm.,  nitrogen  in  64.59  gm.  clover  tops 
equivalent  to  1000  pounds  per  acre  1750  mgm.,  and  nitrogen  as  nitrate  86  mgm. 

great  fixation  was  possible  for  the  fixation  of  atmospheric  nitrogen  consists  in 
the  utilization  of  this  form  of  nitrogen  by  the  plant  for  tissue  building,  and 
imless  plant  growth  is  significant,  no  marked  use  of  atmospheric  nitrogen  can 
be  expected.  The  conditions  of  this  part  of  the  experiment  gave  too  narrow 
a  margin  between  the  possible  nitrogen  fixed  and  the  limits  of  variation,  and 
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even  though  increases  were  shown  in  some  cases,  they  failed  to  give  assurance 
of  any  significant  fixation.  Unless  a  reasonable  amount  of  fixation  was  taking 
place,  the  influence  of  the  amount  of  nitrogen  in  the  soil  upon  it  could  not  be 
measured. 


U^ 


Flo.  1.    GxAFHS  Showing  Nukooen  F^dcation  by  Soybeans  on  Soils  Treated 
wiiH  Nrkatbs,  Cloves  Tops,  and  with  Nrkatbs  and  Cloves  Tops 

Series  2  (Cowpeas) 

For  the  second  crop  series  cowpeas  were  grown  in  the  hope  that  they  would 
be  less  subject  to  the  infestation  by  insects,  more  apt  to  do  well  under  green- 
house conditions  and  more  able  as  nitrogen  fixers.  Only  two  soil  treatments 
were  employed,  one  in  which  increasing  amounts  of  nitrate  nitrogen  were 
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added  and  the  other  one  in  nrhich  the  nitrogen  had  been  increased  by  organic 
matter. 

Some  of  the  original  soil  left  over  when  the  previous  crop  series  was  made  up 
and  stored  in  the  dry  condition  was  used  for  the  treatment  with  nitrate  ni- 
trogen. The  equivalent  of  3300  gm^  of  water-free  soil  was  weighed  into  each 
pot  and  enough  sodium  nitrate  added  in  a  solution  to  give  increases  in  nitrogen 
equivalent  to  10,  25,  50,  and  100  pounds  of  nitrogen  in  2,000,000  pounds  of 
soil. 

For  the  series  whose  nitrogen  increase  was  in  the  form  of  organic  matter, 
the  soils  used  in  the  previous  series  in  the  pots  1  to  4  and  11  to  20,  inclusive, 
were  used  again.  Pots  1  to  4  had  received  no  treatment  with  nitrogen  and 
again  served  as  checks.  Pots  11  to  20  were  also  used  without  modffication, 
save  that  the  amoimt  of  soil  in  each  pot  was  limited  to  3300  gm.  on  the  water- 
free  basis.  The  nitrogen  content  in  these  soils  no  longer  showed  increments  of 
1000  pounds  per  2,000,000  poimds  of  soil  as  a  result  of  losses  while  growing 
soybeans,  but  were  used  because  their  differences  in  nitrogen  content  were  very 
marked  and  they  were  similar  in  all  respects  except  this  one. 

Plant-foods  other  than  nitrogen  were  supplied  in  a  soluble  form.  Calcium 
carbonate  was  added  at  the  rate  of  2  tons  per  2,000,000  pounds. 

Six  cowpeas  of  uniform  weight  and  known  nitrogen  content  were  planted 
in  each  pot  and  later  when  the  plants  were  well  started  were  reduced  to  five. 
The  nitrogen  added  by  the  five  cowpea  seeds  was  equivalent  to  43  mgm. 
During  the  early  spring  the  pots  were  kept  in  the  greenhouse  but  later  were 
kept  outdoors  in  a  screened  area.  No  difficulty  in  germination  was  experi- 
enced, and  the  growth  was  decidedly  better  than  that  of  the  soybeans. 

Differences  in  these  two  series  were  soon  noticeable.  For  the  series  receiving 
nitrate  the  plants  were  taller,  the  leaves  larger  and  the  color  deeper  where 
greater  amoimts  of  nitrate  were  added.  These  differences  later  dhappeared 
so  that  by  the  time  of  harvest,  there  were  no  significant  variations  within  the 
entire  series,  either  in  crop  weight  or  total  nitrogen. 

The  soil  series  treated  with  nothing  but  organic  matter  and  which  had  been 
previously  used  for  soybeans,  gave  a  decidedly  better  growth  of  cowpeas  than 
the  series  treated  with  nitrates.  The  differences  are  shown  in  plates  2  and  3. 
In  this  series  the  early  growth  was  best  in  the  pot  receiving  1000  poimds  of 
nitrogen  per  acre  as  clover  tops.  There  was  a  decrease  in  growth  with  the 
increase  of  added  organic  matter,  but  even  all  these  were  equal  to  the  check, 
receiving  no  organic  matter.  In  the  latter  part  of  the  growing  season  these 
differences  were  reversed,  and  the  largest  crop  3delds  and  the  largest  total 
amounts  of  nitrogen  in  the  crop  were  produced  on  the  pots  receiving  most 
organic  matter.  The  crops  were  grown  for  about  135  days  and  then  harvested. 
Some  plants  had  produced  blossoms  and  a  few  had  set  pods.  The  fact  that 
the  pots  were  much  shaded  by  some  large  trees  lengthened  the  vegetative 
period  and  delayed  seed  development. 


Digitized  by 


Google 


298 


WnXIAlf  ALBERT  ALBRECHT 


When  the  crops  were  harvested  the  roots  were  removed  as  completely  as 
possible  and  carefully  examined  for  nodules.  It  is  important  to  note  that 
the  nitrate  series  produced  many  nodules,  even  with  100  pounds  of  nitrogen  in 
this  form.  Where  organic  matter  was  added,  the  nodules  were  most  numerous 
in  the  lesser  appUcations  but  were  larger  in  size  as  the  applications  increased. 
There  were  no  indications  in  any  pots  that  insufficient  nodules  were  present 
for  nitrogen  fixation.  If  the  presence  of  the  nodule  is  certain  evidence  that 
atmospheric  nitrogen  is  used  by  the  plant,  then  both  these  soil  series  permitted 
fixation  to  take  place  in  all  pots  regardless  of  treatments. 

Determinations  of  nitrate  nitrogen  in  the  soils  in  all  the  pots  were  made 
just  before  the  plants  were  harvested.  In  the  soil  treated  with  sodium  nitrate, 
no  nitrogen  in  this  form  was  found.    The  determinations  of  nitrates  gave  re- 

TABLE  13 

Nitrogen  balance — Cawpeas  I 

Pot  aeries  1,  soil  treated  with  nitrates 


la 
2a 
3a 
4a 
5a 
6a 
7a 
8a 
9a 
10a 


None 
None 

16.5 

16.5 

41 

41 

82 

82 
157 
157 


im. 

9.7673' 
9.6763 
9.7201 
9.7034 
6933 
7568 
7691 
7215 
7441 
7641 


09 
09 
09 
09 
09 
09 


3.2755> 
3.7410 
3.3414 
3.1594 
3.1163 
3.3418 
2.9373 
3.1031 
3.0102 
2.9108 


>i 


1275 
1134 
1074 
1061 
1130 

992 
1053 
1019 

983 


WXIGHXOt 


I 


gm, 

1106H15.75 
14.75 
14.80 
16.40 
14.45 
17.65 
16.15 
16.65 
15.45 
14.80 


I 


gm. 

8.855 

9.435 

820 

800 

145 

.781 

8.408 

7.675 

6.798 

5.610 


I 


415 
418 
306 
440 
292 
445 
404 
445 
347 
385 


J 


152 
164 
139 
159 
147 
185 
162 
168 
124 
138 


1673 
1857 
1579 
1673 
1500 
1760 
1558 
1666 
1490 
1506 


!2l^ 


1077 
1077 
1093 
1093 
1118 
1118 
1159 
1159 
1234 
1234 


5961 

780. 

486 

580. 

382 

642^ 

399 

507/ 

2561 

272 


533 
512 
453 
264 


*  Average  of  three  detenninations. 
^  Calculated  on  the  basis  of  3300  gm.  of  water-free  soiL 

«  Based  on  3300  gm.  of  water-free  soil  with  0.03136  per  cent  of  nitrogen,  or  1077  mgm.  of 
nitrogen,  and  five  cowpea  seeds  with  43  mgm.  of  nitrogen. 

suits  no  larger  than  those  of  the  blank  determinations.  For  the  series  with  the 
organic  matter,  this  treatment  interfered  with  the  analytical  procedure  for 
nitrates  so  that  no  definite  statement  of  the  amounts  of  nitrate  present  can 
be  made.  Results  were  erratic,  but  indications  pointed  to  the  presence  of 
comparatively  large  amounts  of  nitrate  nitrogen.  Evidently  nitrification 
was  going  on  and  nitrates  were  present  in  the  soil  but  this  had  not  prohibited 
the  production  of  many  large-sized  nodules  on  the  roots  of  the  cowpeas. 

The  harvested  crops  were  thoroughly  dried,  weighed  and  later  ground  to 
permit  uniform  sampling.  The  crop  growth  was  too  large  to  be  analyzed  in 
total  and  only  triplicate  2-gm.  samples  were  used.    The  soil  was  air-dried. 
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ground  and  sampled.  Analyses  were  made  by  the  same  methods  used  in  the 
previous  series,  but  instead  of  using  four  samples,  only  triplicate  determina- 
tions were  made.  On  the  basis  of  these  analyses,  the  total  nitrogen  in  the  soil 
and  the  crop  at  the  close  of  the  series  was  calculated. 

Tables  13  and  14  give  the  nitrogen  balance  for  the  second  crop  series  with 
cowpeas.  Only  the  summations  of  analytical  data  are  given.  Since  the  soils 
in  pots  1  to  4  and  11  to  20  were  analyzed  at  the  close  of  the  soybean  series  no 
anal3rses  were  made  on  these  soils  at  the  beginning  of  this  series,  but  the  amount 

TABLE  14 

NUrogen  balance — Cowpeas  I 

Pot  series  2,  soil  treated  with  clover  tops 


1 
2 
3 
4 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 


None 
None 
None 
None 

995' 
995 
1960 
1960 
2890 
2890 
3790 
3790 
4660 
4660 


9.7140' 
9.7324 
9.7423 
9.7026 

9.7421 
9.7419 
9.7324 
9.7412 
9.7462 
9.7514 
9.7549 
9.7468 
9.7461 
9.7516 


3. 5308* 
3.4744 
3.3086 
3.2257 

6.8328 

7.0649 

9.5746 

9.5912 

11.5307 

11.6965 

13.6027 

13.4631 

15.6151 

15.9400 


1199>» 
1178 
1120 
1097 

2314 
2393 
3246 
3249 
3904 
3958 
4601 
4558 
5287 
5394 


WXIOBT  Of  CftOf 


I 


tm. 
21.70 
19.65 
18.75 
21.90 

34.75 
35.30 
33.00 
39.75 
39.20 
36.45 
43.65 
37.25 
45.70 
41.45 


I 


gm. 

6.976 

6.040 

7.170 

10.182 

11.705 

9.525 

10.550 

12.711 

11.959 

12.270 

9.975 

8.347 

10.255 

8.215 


NmooEN  nr 

XHBCKOP 


I 


604 
559 
504 
502 

1066 
1032 
977 
1125 
1217 
1124 
1256 
1290 
1594 
1386 


mgm. 

135* 

126 

157 

178 

201 
205 
192 
209 
204 
226 
153 
189 
125 
153 


2i 


1938 
1863 
1779 
1777 

3581 
3630 
4415 
4576 
5325 
5308 
6010 
6037 
7006 
6933 


^A^ 


1006« 
1041 
1045 
1012 

2641 

2744 
4206 
4317 
5255 
5541 
6786 
6526 
7875 
7891 


877 
749 

913 

234 

-81 

-632 

-927 


*  Average  of  three  determinations. 

^  Calculated  on  the  bads  of  3300  gm.  of  water-free  soil. 

«  Found  by  analyzmg  three  2-gm.  samples  and  calculating  from  the  weight  of  tops. 

^  Found  by  analyzing  the  entire  root  system. 

*  Based  on  analysis  made  at  the  close  of  the  soybean  series  (data  in  table  10).    . 

'  The  additions  of  nitrogen  as  clover  tops  made  on  these  soils  previous  to  the  growth  of 
soybeans  are  given  as  pounds  of  nitrogen  added  per  2,000,000  pounds  of  the  mixture  of  soil 
and  clover  tops. 

of  nitrogen  in  3300  gm.  of  soil  was  calculated  from  the  preceding  analyses. 
The  soil  which  had  been  stored  and  used  in  this  series  was  analyzed  and  found 
to  contain  the  same  amount  of  nitrogen  as  at  the  beginning  of  the  soybean 
series,  or  0.03136  per  cent  of  nitrogen  on  the  water-free  basis,  which  gave  1034 
mgm.  of  nitrogen  per  pot.  The  crop  weights  and  the  amounts  of  nitrogen  in 
the  crop  are  given  separately  as  tops  and  roots. 
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Following  the  tables  is  a  graphical  rq>resentation  of  the  nitrogen  balance  in 
the  series  (fig.  2). 

In  the  series  treated  with  sodium  nitrate  the  amounts  of  total  nitrogen 
present  at  the  close  were  larger  in  every  pot  than  those  present  at  the  outset 
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FlG.  2.    GsAFHS  Showdtg  Nhsogen  Fixation  by  Cowtbas  on  Soils  Tkeated 

WITH  NiTKAIES,  AND  WIIH  ClOVEK  ToPS 

This  indicates  decidedly  that  nitrogen  was  fixed  from  the  atmosphere.  The 
amounts  so  obtained  were  very  significant,  and  in  every  case  far  above  the 
limits  of  variation  in  analytical  determinations.    The  average  nitrogen  in- 
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crease,  or  nitrogen  fixation,  from  duplicate  pots  shows  a  gradual  decrease  with 
increase  in  nitrate  nitrogen  added  to  the  soil.  The  largest  fixation  appeared 
in  the  pots  whose  soil  received  no  nitrogen  additions  and  was  reduced  about 
the  same  in  the  two  soils  treated  at  the  rate  of  10  and  20  pounds  of  nitrate 
nitrogen  per  2,000,000  pounds  of  soil.  On  the  soil  treated  with  the  equivalent 
of  100  pounds  of  nitrate  nitrogen  the  fixation  was  about  38  per  cent  of  that 
where  no  treatment  was  applied.  The  general  decrease  in  fixation  with  in- 
creased treatment  would  lead  one  to  believe  that  one  or  two  more  increments 
beyond  the  application  of  100  pounds  would  have  prohibited  fixation  com- 
pletely. The  table  indicates  that  increasing  amounts  of  nitrate  nitrogen  in 
the  soil  reduce  nitrogen  fixation  by  cowpeas,  and  may  perhaps  prohibit  it,  but 
the  amounts  required  for  significant  reduction  of  this  process  are  far  greater 
than  ever  occur  in  a  soil  or  are  ever  applied. 

The  series  treated  with  organic  matter  and  preidously  used  for  growing  soy- 
beans had  some  pots  which  failed  to  show  any  increase  in  total  nitrogen  at 
the  close  over  that  at  the  outset.  Significant  increases  were  obtained  for  the 
check  pots  and  those  originally  treated  with  the  equivalent  of  1000  and  2000 
pounds  of  nitrogen  per  acre,  but  for  the  rest  of  the  treatments  a  negative 
fixation,  or  loss,  took  place.  This  was  greater  with  larger  applications  of  ni- 
trogen. It  is  highly  probable  that  the  organic  matter  put  on  the  soil  in  such 
heavy  applications  one  season  previously  was  still  undergoing  decomposition 
rapidly  enough  to  lose  nitrogen  as  ammonia  or  as  gaseous  nitrogen.  Decom- 
position had  not  yet  gone  far  enough  to  change  all  the  organic  matter  of  such 
heavy  applications  into  a  more  stable  form,  from  which  no  losses  could  take 
place.  Such  losses  from  the  total  nitrogen  present  in  soil  and  crop  at  the  dose, 
as  compared  with  that  present  in  soil  and  seed  at  the  beginning,  do  not  prove 
that  the  plant  failed  to  draw  on  the  atmosphere  for  some  of  its  nitrogen  supply. 
Nodules  were  plentiful  in  the  soils  receiving  the  heaviest  applications  of  organic 
matter  and  some  use  may  well  have  been  made  of  gaseous  nitrogen.  Any 
fixation  that  could  have  taken  place  was  offset  by  the  losses  from  the  soil, 
and  could  not  be  detected  in  this  method  of  determination. 

Considering  the  averages  for  duplicate  pots,  the  amounts  fixed  in  the  check 
pots  1  and  2,  which  had  previously  grown  the  uninoculated  soybeans,  were 
larger  than  that  fixed  by  pots  3  and  4,  on  which  the  soyb^ms  were  inocu- 
lated. This  difference  between  the  two  sets  of  check  pots  resulted  from  a 
larger  amount  of  nitrogen  being  present  in  both  the  crop  and  the  soil  in  the 
first  two  pots.  The  reverse  was  true,  however,  of  the  total  crop  weights, 
largely  because  of  greater  root  development  in  pots  3  and  4.  In  pots  1 1  and  12 
the  average  fixation  was  the  largest  in  the  series.  This  would  indicate  that 
the  treatment  with  orgianic  nitrogen  corresponding  to  1000  pounds  per  acre 
was  benefidal  to  nitrogen  fixation  by  cowpeas  in  a  soil  so  low  in  this  element  as 
this  soil  was.  This  statement  cannot  be  made,  however,  for  all  the  higher 
applications.  A  decided  increase  was  shown  by  the  pots  receiving  2000  pounds 
of  nitrogen  per  acre,  but  those  receiving  more  showed  a  loss  rather  than  a  gain. 
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Evidently  the  lower  applications  do  not  prohibit  nitrogen  fixation,  but  whether 
the  larger  ones  prohibit  the  process  cannot  be  said  from  the  preceding  data. 
The  losses  coming  doubtlessly  from  the  decaying  organic  matter  in  the  soil 
more  than  balance  any  nitrogen  from  the  air  added  to  the  plant.  In  terms  of 
total  nitrogen  in  the  soil  rather  than  nitrogen  added,  those  pots  showed  nitro- 
gen fixation  whose  soQs  contained  the  equivalent  of  approximately  625,  1625 
and  2600  pounds  of  nitrogen  per  2,000,000  pounds.  From  this  it  may  be 
safely  said  that  a  soU  with  these  amounts  of  nitrogen  does  not  prohibit  the 
symbiotic  nitrogen  fixation  even  when  2000  pounds  of  nitrogen  were  in  a 
readily  decomposable  form.  The  soils  with  higher  nitrogen  content  failed  to 
show  similar  results  because  the  large  amount  of  nitrogen  applied  to  the  soil 
was  partly  lost  in  a  volatile  form. 

Series  3  (Cowpeas) 

The  third  crop  series  was  very  similar  to  the  second,  with  a  few  modifica- 
tions. It  included  one  series  of  pots  with  soils  treated  with  nitrates  and  an- 
other series  with  soils  treated  some  time  previously  with  organic  matter  in  the 
form  of  clover  tops. 

For  treatment  with  nitrates  some  soil  saved  by  careful  storage  from  the 
first  crop  series  of  soybeans  was  used.  Sodium  nitrate  was  added  in  solution 
to  increase  the  nitrogen  content  at  increments  equivalent  to  50,  100,  150, 200 
and  250  pounds  of  nitrogen  per  2,000,000  pounds  of  soil.  Two  additional 
pots  receiving  the  equivalent  of  50  pounds  of  nitrate  nitrogen  were  included, 
but  this  was  added  in  three  applications  at  intervals  extending  over  the  greater 
part  of  the  growing  period.    Three  kilograms  of  soil  were  used  per  pot. 

For  soils  whose  nitrogen  was  increased  by  organic  matter,  those  pots  used 
in  both  preceding  crop  series  were  used  again  without  change,  save  that  the 
amoimts  of  soil  were  less,  and  only  2800  gm.  of  water-free  soil  were  weighed  into 
each  pot.  The  nitrogen  content  of  these  soils  did  not  increase  in  constant 
amounts  for  the  series,  but  corresponded  very  closely  to  amounts  equivalent 
to  625,  1625,  2600,  3250,  4025  and  4775  pounds  of  nitrogen  per  2,000,000 
pounds  of  soil.  These  soils  had  been  made  up  originaDy  with  enough  clover 
tops  to  give  a  series  whose  nitrogen  content  increased  by  imits  of  1000  pounds, 
but  the  losses  during  the  two  preceding  crop  series  reduced  it  to  the  above 
figures.  It  was  thought  advisable  to  use  these  soils  again  since  their  nitrogen 
content  was  accurately  known,  and  the  growth  of  two  crops  allowed  sufficient 
time  to  permit  decomposition  of  the  organic  matter  to  have  gone  far  enough 
to  prohibit  further  losses  in  volatile  nitrogen. 

The  soils  were  treated  with  calciimi  carbonate  at  the  rate  of  2  tons  per  2,000- 
000  pounds  of  soil.  Phosphorus,  potassium  and  other  mineral  plant-food 
elements  were  applied  in  solution  when  the  dry  soil  was  first  moistened  and 
then  at  intervals  during  the  crop  growth.  All  soils  were  treated  similarly  in 
this  respect.    Attempts  were  made  to  keep  the  moisture  content  of  the  soil 
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at  optimum  by  weighing  the  pots,  but  this  method  was  inaccurate  when  the 
plants  became  larger,  so  that  water  was  applied  at  intervals  to  keep  the  mois- 
ture content  near  what  seemed  optimum. 

Cowpeas  were  grown  as  the  crop.  Six  seeds  weighing  in  total  an  average  of 
1.109  gm.  and  containing  38  mgm.  of  nitrogen  were  planted  in  each  pot.  As 
the  seedlings  were  well  started,  one  was  removed  to  leave  five  vigorous  plants. 

The  growth  of  the  crop  was  good.  No  difficulty  was  experienced  in  germi- 
nation, and  though  the  early  growth  was  somewhat  slow,  the  remainder  of 
the  growing  season  found  the  plants  doing  welL  Differences  due  to  treatment 
were  manifested  early.  With  increased  amounts  of  nitrate  applied  the  plants 
were  taller,  of  a  deeper  color  and  the  leaves  more  fleshy,  but  these  marked 
differences  disappeared  later.  The  plants  on  soils  treated  with  organic  matter 
were  larger  and  of  deeper  color  as  the  nitrogen  content  of  the  soil  increased. 
These  variations  became  less  prominent  and  were  completely  lost  before  the 
dose  of  the  experiment.  The  total  plant  growth  was  similar  to  that  in  the 
preceding  crop  series,  but  with  less  variations.  Plate  4  iUustrates  the  crop 
growth  of  the  two  series  just  before  harvest,  which  was  about  22  weeks  after 
planting. 

Shortly  before  the  crops  were  harvested,  several  blossoms  were  formed  but 
were  removed  to  keep  these  few  plants  from  setting  seed.  All  blossoms  and 
fallen  leaves  were  collected  and  saved  for  analysis.  The  harvested  plants 
were  dried  in  the  greenhouse,  and  later  weighed  and  thoroughly  ground  for 
analysis. 

The  roots  were  carefully  removed,  examined  for  nodules  and  thoroughly 
dried.  No  great  differences  in  nodule  production  were  evident  as  correlated 
with  the  treatment.  There  were  no  significant  differences  shown  by  the  nod- 
ules in  the  soils  treated  with  nitrates.  Nodules  were  ntmierous  in  all  pots  and 
especially  so  in  those  receiving  the  equivalent  of  250  pounds  of  nitrogen  per 
2,000,000  pounds  of  soil.  There  was  no  evidence  in  either  of  the  duplicate 
pots  that  the  application  of  such  large  amounts  of  nitrate  interfered  with 
nodule  production.  This  application  was  equivalent  to  12.5  mgm.  of  nitrogen 
per  100  gm.  of  soil  and  its  fdlure  to  suppress  nodule  growth  agrees  well  with 
the  results  of  Fred  and  Graul  (17)  who  found  that  10  mgm.  of  nitrate  nitrogen 
per  100  gm.  of  Miami  silt  loam  were  required  before  nodules  of  alfalfa  and 
crimson  clover  were  decreased  by  such  treatment.  Evidently  the  application 
in  the  yellow  silt  loam  used  in  this  case  was  still  less  than  was  required  for 
serious  effect  on  nodule  production. 

Nodules  were  present  in  all  pots  treated  with  organic  matter  and  gave  indi- 
cations of  being  larger  and  better  distributed  within  those  soils  receiving  the 
heaviest  applications  This  may  have  been  due  to  the  better  physical  condi- 
tion and  greater  aeration  caused  by  such  treatment.  These  results  are  not  in 
accord  with  those  found  by  Frank  (14)  for  red  clover,  on  which  the  nodules 
were  fewer  and  smaller  in  the  soil  rich  in  organic  matter. 


Digitized  by 


Google 


304 


WILLIAM  ALBERT  ALBREGHT 


At  the  dose  of  this  series,  detenniiiations  of  nitrate  nitrogen  were  made  on 
all  the  soils.  Those  treated  with  nitrate  failed  to  show  any  nitrogen  of  this 
form  present  in  the  soiL  This  result  is  quite  di£Ferent  from  that  found  for 
soybeans,  in  which  case  an  application  of  258  mgm.  per  pot  left  much  nitrate 
in  the  soil.  The  total  nitrogen  in  tiie  crop  of  soybeans  was  only  150  mgm. 
With  the  profuse  growth  of  cowpeas  in  this  series  the  application  of  390  mgm. 
of  nitrogen  as  nitrate  was  far  below  the  nitrogen  in  the  crop  and  might  well  be 
expected  to  be  removed  on  account  of  its  solubility.  The  removal  was  so 
complete  that  no  more  than  a  trace  of  nitrate  was  found  in  any  of  the  soils. 

TABLE  15 

NUrogm  balance — Cowpeas  II 

Pot  series  1,  soil  treated  with  nitrates 


lb 

2b 

3b 

4b 

5b 

6b 

7b 

8b 

9b 

10b 

lib 

12b 

13b 

14b 


None 
None 

75 

75 
150 
150 
225 
225 
315 
315 
390 
390 

75' 

75 


9.7363- 
9.7455 
9.7396 
9.7428 
9.7419 
9.7414 
9.7477 
9.7547 
9.7486 
9.7535 
9.7453 
9.7444 
9.7354 
9.7447 


3.7909' 
3.8321 
3.8543 
3.7909 
3.7223 
4.1902 
3.7863 
4.0892 
3.9412 
4.1229 
3.9108 
4.0892 
3.8368 
3.9850 


1168» 

1179 

1187 

1167 

1146 

1290 

1165 

1257 

1212 

1268 

1203 

1258 

1182 

1226 


WEXOSTOV 


I 


tm. 
32 
36.35 
34.53 
31.55 
33.88 
41.23 
36.38 
38.03 
37.08 
36.78 
38.53 
37.28 
22.83 
27.41 


3010 


3 

I 


fw. 

230 

11.740 

8.527 

9.196 

10.374 

14.539 

12.709 

9.569 

10.756 

12.215 

9.831 

9.509 

11.868 

10.411 


mnooxiriii 


I 


778  < 
909 
884 
800 
828 

1109 
904 

1064 
968 
929 

1130 

1138 
559 
651 


I 


153 
168 
146 
147 
177 
177  • 
196 
165 
175 
192 
159 
197 
179 
153 


?i 


num. 
2099 
2256 
2217 
2114 
2151 
2576 
2265 
2486 
2355 
2389 
2492 
2593 
1920 
2030 


5+ 


9650 
965 
1040 
1040 
1115 
1115 
1190 
1190 
1280 
1280 
1355 
13.S5 
1040 
1040 


1134\ 
1291/ 
1177\ 
1074/ 
10361 
1461  / 
10751 
1296/ 
1075\ 
1109/ 
1137\ 
1238/ 
880\ 
990/ 


mm. 
1212 

1125 

1248 

1185 

1092 

1187 

935 


*  Average  of  three  determinations. 

^  Calculated  on  the  basis  of  3000  gm.  of  water-free  soil. 

*  Found  by  analyzing  three  2-gm.  samples  and  calculatmg  from  the  weight  of  tops. 

0  Calculated  on  the  basis  of  3000  gm.  of  water-free  soil  with  0.0311  per  cent  of  nitrogen, 
or  933  mgm.  of  nitrogen,  and  five  cowpea  seeds  with  32  mgm.  of  nitrogen. 

*  Part  of  roots  lost,  and  duplicate  pot  was  used  for  data. 

'  Applied  as  three  applications  at  intervak  during  the  growth  of  the  crop. 

For  the  organic  matter  series  about  the  same  conditions  obtained.  No  sig- 
nificant amounts  of  nitrates  were  present  in  any  pots  and  only  traces  were 
found  in  those  which  had  originally  received  the  equivalent  of  5000  pounds  of 
nitrogen  per  acre  as  clover  tops.  Evidently  the  organic  matter  had  undergone 
sufficient  changes  so  that  it  no  longer  contained  volatile  organic  compounds 
which  interfered  with  the  reduction  method  employed  for  determining  ni- 
trates.   Nitrification  may  have  been  going  on  but  not  at  sufficient  rates  to 
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pennit  measurable  accumulations  above  the  consumption  by  the  plants. 
The  rapid  growth  of  the  plants  might  well  have  removed  all  the  nitrates  formed 
by  rapid  nitrification  processes.  Since  the  determinations  failed  to  show 
nitrates  present,  no  tabulations  of  data  are  submitted. 

To  determine  the  total  nitrogen  in  the  crop  and  soil  at  the  close,  the  proced- 
ure of  the  previous  series  was  followed.  All  possible  precaution  was  exercised 
to  eliminate  errors  and  maintain  uniform  results  throughout.  Tables  15  and 
16  give  the  data  of  this  series,  showing  the  increase  in  total  nitrogen  at  the 
dose  over  that  present  at  the  b^inning. 

TABLE  16 

Nitrogen  baiance—Cawpeas  II 

Pot  aeries  2,  aoii  treated  with  dover  tops 


1 

2 
3 

4 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 


lbs. 
None 
None 
None 
None 

995' 
995 
1960 
1960 
2890 
2890 
3790 
3790 
4660 
4660 


9.7280 
9.7293 
9.7392 
9.7321 

9.7427 
9.7498 
9.7454 
9.7398 
9.7481 
9.7576 
7543 
7608 
9.7597 
7553 


4.1271' 
4.0034 
3.7909 
3.7020 

7.2487 

7.4031 

9.7580 

9.7739 

11.9310 

11.8676 

14.1009 

13.3840 

15.8616 

15.7601 


1187»> 
1152 
1069 
1064 

2083 
2126 
2803 
2809 
3427 
3405 
4047 
3839 
4550 
4523 


34.58 
32.40 
27.20 
25.00 


I 


00 
55 
55 
40 
93 
93 
75 
26 
61 
28 


tm, 

6.886 

10.846 

9.466 

8.0i4 


666 
482 
492 
595 


HiROOornr 


I 


mim. 
901 
810 
619 
607 

1037 
1127 
1160 
1125 
1039 


378 
951 
379 
727 
481 
0141152 


1012 

1130 

927 

1136 


136<> 

169 

162 

148 

137 
131 
145 
122 
124 
109 
117 
131 
132 
148 


«L 


2224 
2131 
1870 
1819 

3257 
3384 
4108 
4056 
4590 
4666 
5176 
5100 
5629 
5807 


m 


1049 

1030 

982 

961 

1995 
2062 
2786 
2788 
3344 
3390 
3946 
3900 
4517 
4609 


1175\ 

1101/ 

888\ 

858/ 

1262\ 
1322/ 
1322\ 
1268/ 
1246\ 
1276/ 
1230\ 
1200/ 
1112\ 
1198/ 


mgm, 
1138 

873 

1292 
1295 
1261 
1215 
1155 


*  Avenge  of  three  determinations. 

^  Calculated  on  the  basis  of  2800  gm.  of  water-free  soil. 

*  Found  by  analyzing  three  2-gm.  samples  and  calculated  from  weight  of  tops. 
^  Found  by  analyzing  entire  root  system. 

*  Based  on  analyses  made  at  the  close  of  the  preceding  cowpea  series.  Data  in  table  14 
figured  for  2800  gm.  of  water-free  soil  and  five  cowpea  seeds  with  32  mgm.  of  nitrogen. 

'  The  additions  of  nitrogen  as  clover  tops  made  on  these  soils  previous  to  the  growth  of 
soybeans  are  given  as  pounds  of  nitrogen  added  per  2,000,000  pounds  of  the  mixture  of  soil 
and  clover  tops. 

The  above  data  show  most  decidedly  that  the  addition  of  nitrates  in  even 
larger  amounts  than  were  used  in  the  previous  series  does  not  prohibit  an  in- 
crease of  nitrogen  fixation.  The  use  of  this  form  of  nitrogen  in  the  previous 
test  with  cowpeas  gave  a  gradual  decrease  of  fixation  as  the  application  of 
nitrate  increased.    In  that  series  nitrate  equivalent  to  100  pounds  per  2,000,000 
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pounds  of  soil  permitted  only  58  per  cent  as  much  fixation  as  no  treatment, 
hence  it  suggested  that  double  the  application  would  prohibit  fixation  com- 
pletely. In  this  series  the  applications  were  more  than  doubled  and  increased 
to  as  much  as  250  pounds  of  nitrogen  per  2,000,000  pounds  of  soil,  yet  no  seri- 
ous hindrance  was  given  to  nitrogen  fixation.  The  outstanding  characteris- 
tic of  the  data  is  the  lack  of  variations  in  nitrogen  fixed.  The  average  figures 
for  duplicate  pots  show  a  fixation  of  approximately  1200  mgm.  for  all  pots 
except  the  two  receiving  315  mgm.  of  nitrate  nitrogen  at  the  outset,  and  the 
two  receiving  75  mgm.  in  three  successive  applications.  Those  pots  with  390 
mgm.  of  added  nitrogen  gave  a  fixation  of  1187  mgm.,  corresponding  closely 
to  the  fixation  of  1124  and  1212  mgm.  in  the  check  pots.  The  data  indicate 
that  these  amounts  of  nitrate  nitrogen  used  in  this  series  had  no  significant 
effect  either  favorable  or  unfavorable,  and  the  highest  treatment  gave  no  sig- 
nificant variation  from  the  general  uniformity  of  the  series. 

In  pots  13b  and  14b  receiving  three  applications  of  25  mgm.  each  or  a  total 
equivalent  to  50  pounds  of  nitrogen  per  2,000,000  pounds  of  soil,  the  fixation 
was  the  lowest  in  the  series.  The  crops  on  these  pots  were  the  smallest  of 
all  pots,  as  is  shown  by  the  weights.  The  roots  were  about  as  heavy  in  these 
pots  as  any  in  the  series,  but  the  t<^  weighed  far  less  than  those  of  any  other 
treatments.  The  same  relations  held  for  the  total  nitrogen  in  the  tops  and 
roots  of  these  two  pots.  That  of  the  tops  was  less,  and  that  in  the  roots  was 
about  the  equal  of  those  of  the  other  treatments  of  the  series. 

The  fact  that  the  fixation  in  pots  13b  and  14b  was  not  equal  to  that  of  3b 
and  4b  might  lead  one  to  believe  that  the  application  of  50  pounds  of  nitrate 
at  the  time  the  seed  was  planted  gave  more  fixation  than  this  same  amount  of 
nitrogen  distributed  over  three  applications  during  the  plants'  growth.  The 
soluble  nitrogen  applied  early  may  have  enabled  the  plant  to  establish  itself 
better  at  the  outset  and  fix  more  nitrogen  than  when  the  same  amount  of 
soluble  nitrogen  was  put  into  the  soil  at  intervals.  Pots  3b  and  4b  were  treated 
exactly  the  same  as  pots  13b  and  14b,  save  that  the  latter  two  did  not  receive 
all  the  nitrogen  at  the  beginning,  and  such  conclusions  might  be  drawn  from 
the  comparison  alone.  When  both  these  treatments  are  compared  with  the 
check,  however,  the  interpretation  must  be  different.  The  fixation  when  all 
the  nitrates  were  applied  at  the  outset  was  no  larger  than  that  of  the  check 
receiving  no  treatment,  and  was  less  than  that  of  the  check  when  applied 
at  intervals  during  the  plants'  growth.  On  this  basis  the  application  of  all 
nitrogen  at  the  beginning  showed  no  influence  on  the  fixation,  while  the 
application  at  intervals  kept  it  down . . 

The  series  with  nitrates  gives  large  amounts  of  nitrogen  fixation  for  all  pots, 
but  little  variation  caused  by  treatments.  It  would  indicate  that  nitrates 
used  in  amounts  as  high  as  1500  pounds  per  acre  do  not  exert  any  effect,  un- 
less perhaps  when  the  applications  are  made  at  intervals  during  the  plants' 
growth  rather  than  at  the  beginning. 
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The  second  set  of  pots,  whose  total  nitrogen  content  of  the  soil  increased  hy 
approximately  1000  pounds  per  acre,  showed  results  quite  different  from  those- 
it  gave  in  its  previous  crop  of  cowpeas.  Instead  of  losses  of  nitrogen,  there- 
were  marked  gains  in  all  pots,  indicating  that  the  deca3dng  organic  matter 
had  no  longer  lost  nitrogen  and  that  the  nitrogen  taken  from  the  air  appeared 
as  increase  in  the  total  determinations  at  the  close  of  the  series.  Check  pots 
3  and  4  whose  nitrogen  in  the  soil  and  crop  was  lower  than  that  in  check  pots  1 
and  2  in  the  previous  crop  of  cowpeas,  showed  similar  results  again.  The 
differences  in  the  soil  nitrogen  of  these  two  sets  of  checks  amounted  to  more 
than  100  mgm.  and  in  the  crop  they  were  even  greater,  thus  giving  a  difference 
of  over  250  mgm.  in  the  amounts  of  nitrogen  fixed  by  the  two  sets  of  checks. 
The  use  of  one  or  the  other  set  of  checks  as  a  basis  for  comparison  will  influence 
the  interpretation  of  the  results  of  the  treatments,  but  only  in  degree  rather 
than  in  kind,  since  all  the  treatments  gave  results  above  even  the  highest  of  the 
checks.  The  results  from  the  four  check  pots  were  used  as  a  basis  in  calculat- 
ing the  increase,  or  nitrogen  fixation,  as  influenced  by  treatment. 

By  using  the  average  of  the  four  check  pots  as  a  basis  for  comparison  all  the 
treatments  with  organic  matter  increased  the  fixation  of  nitrogen.  For  those 
pots  receiving  the  heaviest  applications  the  increase  is  not  as  large  as  in  the 
others,  but  all  pots  below  this  addition  of  5000  pounds  of  nitrogen  per  acre, 
gave  a  significant  increase  in  fixation  over  even  the  highest  of  the  check  pots» 
This  indicates  that  the  addition  of  the  organic  matter  increased  the  fixation,, 
rather  than  hindered  it,  and  that  the  soils  richer  in  total  nitrogen  permitted  the* 
plant  to  draw  on  the  atmospheric  supply  of  this  element  as  well  as  on  that  in: 
soiL  These  facts  are  not  in  accord  with  the  general  statements  often  made,, 
that  the  plant  fails  to  draw  on  the  nitrogen  of  the  atmo^here  until  forced  tO' 
do  so  by  the  deficiency  in  the  soil.  Here  the  results  were  the  very  reverse  and 
the  addition  of  organic  nitrogen  enabled  the  plants  to  take  more  nitrogen 
from  the  air  as  a  result  of  such  treatment.  Such  benefit  was  suggested  even^ 
in  the  two  previous  crops,  where  the  addition  of  1000  pounds  of  nitrogen  as 
organic  matter  gave  in  every  case  greater  fixation  than  in  soils  not  so  treated. 
According  to  these  data  1000  pounds  of  nitrogen  added  as  organic  matter  in- 
creased nitrogen  fixation  as  much  as  the  larger  applications  used  in  the  series 
and  the  fixation  decreased  slightly  with  increased  additions,  but  this  decrease 
was  so  small  as  to  be  insignificant.  Even  if  this  decrease  were  larger  there 
would  be  no  cause  for  alarm  since  the  application  of  1000  pounds  of  nitrogen 
as  organic  matter  is  equivalent  to  approximately  25  tons  of  clover  tops  and  is 
far  greater  than  is  ever  applied  to  soils  for  fertilizer  uses,  and  such  amounts  of: 
readily  decomposable  nitrogenous  materials  seldom  or  never  occur  in  common: 
soils. 

The  graphic  representation  of  the  data  in  figure  3  shows  that  cowpeas  grow- 
ing on  soils  treated  with  nitrates,  or  rich  in  organic  matter  may  utilize  atmos- 
pheric nitrogen  even  when  the  amounts  of  these  forms  of  nitrogen  are  very 
large.    They  show  further,  that  neither  the  nitrate  treatment  nor  the  soil's- 
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high  total  nitrogen  content  affect  nitrogen  fixation  detrimentally,  but  rather, 
that  the  treatment  with  organic  matter  favors  the  process  by  increasing  the 
amount  of  atmospheric  nitrogen  taken  by  this  legume. 

The  total  nitrogen  content  in  the  soil  of  the  one  series  was  equivalent  to 
775,  1500,  2000,  2440,  2800  and  3240  pounds  in  2,000,000  pounds,  while  the 
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Fig.  3.    Graphs  SHOwmc  Nitrogen  Fixation  by  Cowfeas  on  Soils  Trxatbd 
WITH  Nitrates,  and  with  Clover  Tops 

fixations  for  these  were  1005,  1292,  1295, 1261, 1215  and  1155  mgm.  per  pot, 
respectively.  The  increases  in  fixation  caused  by  the  organic  matter  over  that 
of  the  chedc  are  287,  290,  256,  210  and  150  mgm.  with  the  increasing  nitrogen 
content  of  the  soil.    Accordingly,  the  soils  richer  in  nitrogen  gave  somewhat 
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less  fixation  than  the  soils  poorer  in  this  respect,  but  these  differences  are  not 
significant  when  compared  with  the  total  nitrogen  fixed.  It  may  be  possible 
that  the  hi^h^r  treatments  still  lost  some  nitrogen  from  the  soil  during  this 
time,  and  if  proper  corrections  could  be  made  they  might  show  the  same  fixa- 
tion throughout  the  series. 

NUrogen  changes  in  soils  during  the  growth  of  legumes 

Since  the  soils  used  in  this  experiment  were  carefully  analyzed  for  each  crop 
grown  on  them,  they  offer  an  excellent  opportimity  for  study  of  the  changes 
in  the  nitrogen  taking  place  within  the  soils  themselves. 

The  soils  in  pots  1  to  4  and  11  to  20  were  used  during  the  entire  series  of  three 
successive  crops.  The  roots  were  removed  as  completely  as  possible  to  pre- 
vent addition  of  organic  matter  in  this  form.  As  these  soils  received  applica- 
tions of  larger  amounts  of  clover  tops  at  the  outset,  they  offer  an  interesting 
study  of  the  changes  in  nitrogen  content  while  this  organic  matter  was  decay- 
ing, and  while  three  successive  crops  of  legumes  were  growing.  The  following 
data  are  tabulated  to  give  the  changes  in  the  nitrogen  content  of  these  soils  as 
shown  at  the  close  of  each  crop.  In  the  treated  soils,  from  which  there  were 
losses  of  nitrogen,  some  estimate  of  these  losses  can  be  made;  while  in  the  un- 
treated soil  some  measure  may  be  taken  of  the  influence  of  the  legume  plant  on 
the  nitrogen  content  of  the  soil  itself.  The  figures  were  obtained  from  the 
analyses  of  the  soil  and  organic  matter  at  the  beginning  and  from  that  of  the 
soil  alone  at  the  close  of  each  crop  series.  For  the  sake  of  uniformity  the  data 
are  tabulated  as  pounds  per  acre  of  2,000,000  pounds  of  soil.  The  data  are 
given  in  table  17. 

For  the  soils  treated  with  organic  matter,  the  losses  rather  than  gains  in 
nitrogen  are  the  chief  characteristics.  During  the  growth  of  the  soybeans  no 
losses  took  place  in  the  soils  treated  with  less  than  2890  pounds  of  nitrogen 
per  acre.  For  this  application  the  average  loss  was  242  pounds.  For  the  two 
higher  treatments  the  average  losses  were  382  and  510  pounds. 

During  the  growth  of  the  second  crop,  cowpeas,  there  were  losses  in  all  pots, 
and  all  were  greater  than  occurred  in  these  same  soils  during  the  first  crop. 
The  lowest  two  treatments,  which  had  lost  no  nitrogen  previously,  showed 
decreases  equivalent  to  205  and  614  pounds  per  acre,  while  in  those  pots  with 
larger  applications  of  organic  matter,  the  nitrogen  losses  were  892,  1254  and 
1539  pounds.  In  terms  of  the  original  amounts  of  nitrogen  applied  these 
losses  correspond  to  20.6,  30.3,  33.0,  and  33.0  per  cent,  respectively.  Evi- 
dently the  most  rapid  decomposition  and  heaviest  losses  did  not  take  place 
until  the  time  of  the  second-crop  growth,  which  dosed  201  days  after  the  soils 
were  treated.  Drying  and  grinding  the  soil  between  the  two  crops  may  have 
hastened  decomposition. 

For  the  period  of  time  in  which  the  third  crop  was  grown  the  data  show  re- 
sults different  from  those  for  the  two  preceding  periods.    The  treated  soils  no 
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longer  gave  losses  of  nitrogen,  but  in  all  cases  gave  gains  for  this  element. 
The  largest  average  gain  was  77  pounds  in  the  pots  receiving  995  pounds  of 
nitrogen  per  acre,  but  in  the  other  pots  the  gains  decreased  with  increased 
treatments,  though  in  no  regular  order.  These  increases  in  the  soil  nitrogen 
are  not  large,  but  big  enough  to  be  considered  as  increases  as  measured  by 
accurate  analytical  determinations  varying  less  than  0.2  mgm.  of  nitrogen 
in  10-gm.  samples  of  soil  in  triplicate  determinations.  This  range  in  difference 
corresponds  to  40  pounds  per  acre,  and  the  error  becomes  less  when  three 
samples  are  taken.  Even  though  these  increases  were  not  considered,  there 
is  no  small  importance  in  the  fact  that  these  soils  produced  such  heavy  crops 

TABLE  17 

Changes  during  ike  growth  of  three  crops  of  legumes  in  a  soil  treated  with  organic  matter 

All  figures  given  in  pounds  per  2,000,000  pounds  of  soil 


NmOOEM  IN  THE  SOIL 

POT 

CLOVEKTOPS 
ADDED 

ADDED 

AtUie 
begiimmg 

After  first 

crop 
(aqybeaDs) 

Increase 

After  sec- 
ond crop 
(cowpeas) 

Increase 

After  third 

crop 
(cowpeas) 

Increase 

1 

2 
3 
4 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

lbs. 
None 
None 
None 
None 

37,766 

37,766 

75,532 

75,532 

113,298 

113,298 

151,064 

151,064 

188,830 

188,830 

lbs. 
None 
None 
None 
None 

995 
995 
1960 
1960 
2890 
2890 
3790 
3790 
4660 
4660 

as. 
625 
625 
625 
625 

1620 
1620 

2585 
2585 
3515 
3515 
4415 
4415 
5285 
5285 

Ihs. 
583\ 
630/ 
633\ 
613/ 

1600\ 
1663/ 
2550\ 
2615/ 
3185  \ 
3360/ 
4110\ 
3955/ 
4770\ 
4780/ 

lbs. 

-18 
-2 

11 

-2 

-242 

-382 

-510 

lbs. 

726\ 
713/ 

678\ 
664/ 

1402\ 
1450/ 
1967\ 
1968/ 
2365\ 
2395/ 
27951 
2762/ 
3203\ 
3269; 

lbs. 
113 

48 

-205 

-615 

-892 

-1254 

-1538 

lbs. 
847\ 
822/ 
778\ 
760/ 

1488\ 
1518/ 
2002\ 
2006/ 
2448\ 
2432/ 
2890\ 
2742/ 
3250\ 
3230/ 

Ihs. 
115 

98 

77 
35 
60 
37 
4 

of  legumes  and  yet  suffered  no  loss  in  nitrogen.  In  some  cases  the  nitrogen  in 
the  total  crop  was  over  half  as  much  as  that  originally  in  the  soil.  Had  the 
crop  taken  its  nitrogen  from  the  soil,  such  amounts  removed  could  easily  have 
been  measured  by  ordinary  analytical  methods. 

The  greatest  increases  in  nitrogen  of  the  soil  occurred  in  the  four  check  pots 
which  had  been  left  untreated.  During  the  growth  of  the  soybeans  these  soils 
showed  no  significant  change,  save  a  very  slight  loss.  During  the  next  crop, 
which  was  cowpeas,  they  showed  decided  gains  in  nitrogen,  and  again  gave 
similar  results  for  the  last  crop  of  this  same  legume.  The  soils  in  all  four  pots 
increased  in  nitrogen  by  growing  the  cowpeas.  It  cannot  be  specifically  said 
whether  this  was  due  to  a  direct  change  in  the  original  soil  material  itself,  or 
to  the  addition  of  small  roots  and  nodules  that  remained  in  spite  of  the  careful 
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attempt  to  remove  them;  but  it  seems  most  probable  that  the  latter  reason  was 
sufficient  to  give  the  increases  recorded.  With  such  gains  in  soil  nitrogen  when 
the  roots  are  removed,  surely  the  incorporation  of  the  roots  themselves  would 
give  a  decided  increase.  It  has  been  said  for  some  legumes  (25,  p.  218)  that 
the  addition  of  merely  the  roots  does  not  increase  the  nitrogen  content  of  the 
soil,  but  the  above  data  indicate  that  the  625  pounds  of  nitrogen  originally 
present  in  this  soil  increased  when  the  roots  were  removed  as  carefully  as  pos- 
sible, and  would  have  increased  much  more  if  the  roots  had  been  included. 
The  same  may  be  said  of  the  richer  soils  during  the  last  crop  of  cowpeas,  all  of 
which  showed  some  gains  in  nitrogen  content  when  the  roots  were  removed. 
Had  the  roots  been  left  in  the  soil  its  nitrogen  content  would  have  been  raised 
decidedly,  even  where  the  total  nitrogen  of  the  soil  was  already  equal  to  3200 
pounds  per  acre.  None  of  the  soils  in  the  last  crop  series,  whether  high  or  low 
in  nitrogen,  lost  in  this  element  as  the  result  of  the  removal  of  the  entire  crop  of 
roots  and  tops  of  the  plants.  All  would  have  been  enriched  in  this  respect 
had  only  the  roots  been  added. 

Distribution  of  nitrogen  in  roots  and  tops  of  cowpeas 

It  has  been  known  that  the  portions  of  the  total  plant  substance  which  are 
in  the  tops  and  in  the  roots  are  not  constant  for  the  different  kinds  of  plants, 
nor  are  they  always  constant  for  the  same  kind  of  plant  (24,  40,  49).  Similar 
statements  may  be  made  concerning  the  distribution  of  the  constituent  ele- 
ments of  the  plant  tissue,  especially  the  nitrogen.  The  data  of  this  experiment 
were  taken  in  the  hope  of  studying  the  distribution  of  the  nitrogen  in  the  tops 
and  roots,  as  well  as  the  weight  of  these  plant  parts  as  influenced  by  the  nitro- 
gen content  of  the  soil.  The  plants  were  harvested  by  cutting  the  stems  just 
level  with  the  soil  surface,  and  considering  as  tops  that  part  above  the  soil 
level,  and  as  roots  all  parts  below  it.  Only  the  two  cowpea  crops  were  treated 
in  this  manner  and  the  data  are  given  for  this  legmne  grown  in  a  soil  with 
varying  amounts  of  nitrates  and  in  a  soil  containing  var3ring  amounts  of  or- 
ganic nitrogen.  The  data  were  taken  from  the  previous  table  and  are  given 
as  averages  of  the  duplicate  pots  for  each  treatment  (tables  18  and  19).  The 
distributions  of  the  weights  and  nitrogen  in  the  tops  and  roots  are  expressed 
as  per  cent  of  the  total. 

According  to  the  data,  the  addition  of  nitrate  nitrogen  tends  to  increase  the 
weight  of  the  plant  top  faster  than  that  of  the  roots.  In  the  first  cowpea  crop, 
the  percentage  of  the  total  plant  weight  in  the  tops  increased  gradually  while 
that  in  the  roots  decreased  as  the  amount  of  nitrate  nitrogen  added  became 
larger.  In  the  second  crop  there  was  also  an  increase,  but  not  such  a  marked 
one.  The  entire  second  series  showed  a  higher  percentage  of  the  total  plant 
weight  in  the  top  than  was  shown  in  the  previous  series.  Evidently  some 
other  factor  was  coupled  with  the  nitrogen  in  the  soil  to  influence  the  distribu- 
tion of  the  weights  in  tops  and  roots.    This  may  well  be  expected  since  the 
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TABLE  18 

Distribution  of  nitrogen  in  the  roots  and  tops  of  cowpeas 

Soil  treated  with  nitrates 


NITROGEN  ADDED 


PAST  or  PLANT 


PES  CKNT  Ot 


TOTAL  NITROOXN 


ER  CBMT  OV 
TOTAL 


First  crop 


mgm. 

gm. 

mgm. 

None 

Tops 

15.25 

62.51 

416 

72.40 

Roots 

9.145 

37.48 

158 

27.52 

16.5 

Tops 

15.(50 

66.63 

373 

71.45 

Roots 

7.810 

33.36 

149 

28.54 

41.0 

Tops 

16.05 

68.26 

368 

68.91 

Roots 

7.463 

31.73 

166 

31.08 

82.0 

Tops 

16.40 

67.09 

424 

71.99 

Roots 

8.043 

32.90 

165 

28.00 

157.0 

Tops 

15.125 

69.86 

366 

73.34 

Roots 

6.704 

30.71 

131 

26.25 

Second  crop 


None 

Tops 
Roots 

34.32 
10.985 

75.75 
24.24 

843 
160 

84.04 
15.95 

75.0 

Tops 
Roots 

33.04 
8.861 

78.85 
21.14 

841 
146 

85.20 
14.79 

150.0 

Tops 
Roots 

37.55 
12.456 

75.09 
24.90 

968 

177 

84.54 
15.45 

225.0 

Tops 
Roots 

37.20 
11.139 

76.95 
23.04 

984 
180 

84.53 
15.46 

315.0 

Tops 
Roots 

36.93 
11.485 

76.27 
23.72 

948 
183 

83.81 
16.18 

390.0 

Tops 
Roots 

37.90 
9.705 

79.61 
20.38 

1134 
178 

86.43 
13.56 

75.0 

Tops 
Roots 

25.12 
11.139 

69.27 
30.72 

605 
166 

78.46 
21.53 
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TABLE  19 

DistribuUan  of  nUrogen  in  the  roots  and  tops  of  ccwpeas 

Soil  treated  with  clover  tops 


NRSOOSN  IN  SOIL  PAKT  OP  PLANT 


PXK  CXNT  OP 
TOTAL 


TOTAL  NirmOOBN 


PXE  CENT  OP 
TOTAL 


First  crop 


Ibs.^ 

gm. 

mgm. 

None 

Tops 

20.67 

76.05 

581 

81.71 

Roots 

6.508 

23.94 

130 

18.28 

None 

Tops 

20.32 

70.07 

503 

75.07 

Roots 

8.676 

29.92 

167 

24.92 

995 

Tops 

34.92 

76.68 

1049 

83.78 

Roots 

10.615 

23.31 

203 

16.21 

1960 

Tops 

36.37 

75.77 

1051 

84.21 

Roots 

11.630 

24.22 

197 

15.78 

2890 

Tops 

37.82 

75.73 

1170 

84.47 

Roots 

12.114 

24.26 

215 

15.52 

3790 

Tops 

40.45 

81.53 

1273 

88.15 

Roots 

9.161 

18.46 

171 

11.84 

4660 

Tops 

43.57 

82.51 

1490 

91.46 

Roots 

9.235 

17.48 

139 

8  53 

Second  crop 


719 

Tops 

33.49 

79.06 

855 

84.90 

Roots 

8.866 

20.91 

152 

15.09 

621 

Tops 

26.10 

74.88 

613 

79.81 

Roots 

8.755 

25.11 

155 

20.18 

1426 

Tops 

37.77 

85.96     ' 

1082 

88.98 

Roots 

6.164 

14.03 

134 

11.01 

1967 

Tops 

37.97 

84.33 

1142 

89.56 

Roots 

7.053 

15.66 

133 

10.43 

2381 

Tops 

35.43 

85.01 

1095 

90.42 

Roots 

6.247 

14.98 

116 

9.57 

2778 

Tops 

37.00 

83.00 

1071 

89.62 

Roots 

7.574 

16.99 

124 

10.37 

3236 

Tops 

35.94 

79.89 

1031 

87.29 

Roots 

9.043 

20.18 

150 

12.70 

«  Founds  in  2,000,000  pounds  of  soil. 
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crops  were  grown  at  different  seasons.  Nevertheless,  the  nitrogen  in  this 
readily  soluble  form  was  of  influence,  and  increased  the  plant  growth  above  the 
ground  more  than  it  did  the  development  of  the  root  system. 

In  the  soils  with  varying  amounts  of  organic  nitrogen,  the  higher  nitrogen 
content  of  the  soil  gave  a  greater  portion  of  the  plant  weight  in  the  tops,  but 
there  was  no  regular  increase  in  this  proportion  with  the  regular  increase  in  the 
soil  nitrogen.  This  failed  to  show  the  uniformity  of  increase  shown  by  the 
soils  treated  with  nitrates,  but  yet  indicated  that  as  the  soils  were  richer  in 
nitrogen,  the  weight  of  the  plant  above  ground  increased  faster  than  the 
weight  of  the  roots. 

Considering  the  distribution  of  the  total  nitrogen  of  the  plant,  the  effects  of 
the  nitrates  of  the  soil  toward  increasing  the  portion  of  this  in  the  tops  are  not 
as  marked  as  for  increasing  the  weight  of  the  tops.  The  data  of  both  series 
fail  to  show  any  regular  influence,  by  the  nitrates,  on  the  percentage  of  the  total 
plant  nitrogen  found  in  the  roots  or  the  tops.  The  effect  of  the  organic  nitro- 
gen in  the  soil  was  shown  as  a  more  rapid  increase  in  the  nitrogen  of  the  tops, 
than  that  of  the  roots.  In  the  first  crop  this  effect  was  very  decided,  giving  10 
per  cent  more  of  the  plant's  total  nitrogen  in  the  tops  for  the  soil  with  high 
nitrogen  content  than  for  the  soil  to  which  no  organic  nitrogen  had  been  added. 
In  the  second  crop,  all  the  soils  richer  in  nitrogen  than  the  untreated  soil  had 
a  bigger  portion  of  the  plant's  nitrogen  in  the  tops,  but  there  was  no  close  cor- 
relation between  the  soil  treatment  and  the  disturbance  in  the  distribution  of 
the  total  nitrogen  in  the  plant  tops  and  roots.  Nevertheless,  it  is  evident  that 
the  nitrogen  in  the  part  of  the  plant  above  ground  increased  with  the  treatment 
of  both  nitrates  and  organic  matter. 

Between  the  distribution  of  the  nitrogen,  and  the  fixation  of  this  element, 
there  is  no  correlation  in  this  experiment.  It  cannot  be  said  that  the  fixation 
is  greater  with  increased  production  of  that  part  above  the  ground,  which  is 
the  relation  that  one  might  expect  according  to  Peterman  (41).  Scarcely 
enough  data  were  secured  to  warrant  a  specific  statement  on  this  question  of 
relation  of  crop  size  to  the  amount  of  nitrogen  fixation. 

IV.  SUMMARY 

The  experiment  herein  reported  was  a  study  of  nitrogen  fixation  as  influenced 
by  the  nitrogen  content  of  the  soil.  Variations  in  the  nitrogen  of  the  soil 
were  brought  about  by  adding  sodium  nitrate,  and  by  incorporating  organic 
matter  in  the  form  of  clover  tops  in  a  soil  containing  only  625  pounds  of  nitro- 
gen per  2,000,000  pounds  of  soil.  This  gave  variations  in  mineral  nitrogen 
and  organic  nitrogen,  respectively. 

One  crop  of  soybeans  and  two  crops  of  cowpeas  were  grown.  Some  of  the 
original  soil  was  used  each  time  for  the  treatment  with  nitrates,  but  the  same 
soils  were  used  throughout  the  three  crops  for  the  treatment  with  organic 
matter. 
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Nitrogen  fixation  is  represented  as  the  increase  in  the  total  nitrogen  in  the 
soil  and  crop  at  the  close  of  the  experiment,  over  that  present  in  the  soil  and 
seed  at  the  beginning. 

The  decaying  organic  matter  occasioned  some  heavy  losses  in  nitrogen  from 
the  soil.  These  losses  reached  the  maximum  during  the  second  crop,  and  had 
apparently  disappeared  after  200  days.  During  the  second  crop,  the  highest 
losses  of  nitrogen  from  the  soil  were  equivalent  to  1538  pounds  per  2,000,000 
pounds  of  soil  where  the  original  application  of  clover  tops  was  equivalent  to 
4660  pounds  of  nitrogen  per  acre.  These  losses  from  the  soil  with  the  heavy 
applications  of  organic  matter  made  it  impossible  in  a  few  instances  to  measure 
the  nitrogen  fixation.  In  those  soils,  however,  to  which  were  added  nitrates 
and  smaller  quantities  of  organic  matter,  nitrogen  fixation  was  easily  measured 
and  a  decided  amount  was  found. 

The  addition  of  the  approximate  equivalent  of  1000  and  2000  pounds  of 
nitrogen  as  organic  matter  per  acre,  corresponding  to  18  and  36  tons  of  clover 
tops,  respectively,  gave  nitrogen  fixation  for  all  three  crops  grown.  For  the 
last  crop  grown,  during  which  time  the  soils  no  longer  showed  losses  of  nitro- 
gen, there  were  decided  gains,  or  nitrogen  fixation,  for  all  treatments  with 
organic  matter. 

Nitrates  did  not  prohibit  nitrogen  fixation.  Indications  in  one  series  of 
cowpeas  suggested  that  increasing  amounts  of  nitrogen  applied  as  sodium 
nitrate  lessened  the  amount  of  fixation.  A  later  series  of  the  same  crop  with 
higher  and  wider  ranges  of  the  application  of  nitrates  failed  to  show  the  same 
results,  even  when  as  much  as  250  pounds  of  nitrogen  was  applied  in  this 
form.  This  corresponded  to  an  application  of  more  than  1500  pounds  of 
sodium  nitrate  per  acre. 

The  addition  of  sodium  nitrate  to  the  soil  caused  the  plants  to  grow  better 
at  the  beginning,  but  gave  no  increased  nitrogen  fixation  for  two  series  of  cow- 
peas,  save  in  one  treatment  of  150  pounds  of  nitrogen  per  acre,  where  the  fixa- 
tion was  slightly  greater  than  that  of  the  check.  Fixation  in  all  other  treat- 
ments with  nitrates  was  less  than  that  of  the  check. 

After  the  soils  treated  with  organic  matter  ceased  to  lose  nitrogen  by  decom- 
position, they  showed  a  large  nitrogen  fixation.  The  organic  matter  added 
caused  this  fixation  to  be  larger  than  that  in  the  soils  not  so  treated.  The 
increase  in  the  nitrogen  fixed  as  caused  by  the  organic  matter,  was  not  propor- 
tional, however,  to  the  amount  of  organic  matter  applied. 

There  were  some  variations  in  the  amounts  of  nitrogen  taken  from  the  air 
by  five  plants  of  cowpeas  in  each  pot.  The  maximum  average  fixation  for 
dupUcate  pots  was  1295  mgm.  on  a  soil  containing  the  equivalent  of  2000 
pounds  of  total  nitrogen  per  acre.  Amounts  almost  as  large  were  obtained 
in  soils  treated  with  150  pounds  of  nitrate  nitrogen  per  acre. 

Nodule  production  was  not  suppressed  to  an  appreciable  extent  by  any  of 
the  treatments  of  nitrate  or  organic  matter, 
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The  untreated  soils  which  grew  legumes  for  three  successive  crops  showed 
gains  in  their  nitrogen  content  as  a  result  of  these  crop  growths,  even  though 
all  roots  were  removed  from  the  soil  as  completely  as  possible.  In  the  last 
crop  of  cowpeas  grown,  all  soils  from  which  the  roots  had  been  removed,  be- 
came richer  in  nitrogen  under  this  treatment,  even  though  some  of  these  soils 
contained  more  than  3000  pounds  of  nitrogen  per  acre  before  the  crop  was 
grown,  and  the  crop  itself  contained  more  than  one-fourth  of  this  amount. 
This  fact  indicates  that  the  growth  of  a  legume  may  be  large,  but  yet  leave  the 
nitrogen  content  of  the  soil  nearly  constant  or  even  increase  it,  and  that  the 
addition  of  the  plant  roots  will  increase  the  soil's  nitrogen  content  when  there 
is  no  loss  by  leaching. 

As  the  soil's  content  of  total  nitrogen  or  of  nitrate  nitrogen  was  higher,  the 
yield  of  plant  tissue  became  greater;  and  the  greater  part  of  this  increase  was 
in  the  tops  of  the  plant  rather  than  in  the  roots.  Widi  a  higher  nitrogen  con- 
tent of  the  soil,  a  bigger  share  of  the  plant's  total  nitrogen  was  also  in  the  tops. 

v.  CONCLUSIONS 

1.  The  results  of  this  study  indicate  that  nitrogen  fixation  will  take  place 
in  a  soil  containing  large  amounts  of  nitrogen  in  the  form  of  either  nitrates  or 
organic  matter. 

2.  No  injurious  effects  on  nitrogen  fixation  were  caused  by  nitrates  in  this 
experiment,  and  if  such  ever  occur  under  conditions  similar  to  those  which 
obtained  in  this  study,  the  application  of  nitrates  must  be  many  times  larger 
than  is  ever  applied  in  agricultural  practice. 

3.  Nodules  are  produced  when  large  amounts  of  organic  nitrogen  are  present 
in  the  soil,  and  good  legiune  growth  results  even  when  sufficient  organic  matter 
is  present  to  give  large  losses  of  volatile  nitrogen  from  the  soils. 

4.  The  addition  of  some  organic  matter  may  increase  the  amount  of  nitro- 
gen fixed  by  cowpeas. 

5.  In  soUs  containing  varying  amounts  of  total  nitrogen,  as  much  fixation 
of  nitrogen  by  cowpeas  may  be  expected  in  one  with  3000  pounds  of  total 
nitrogen,  as  in  one  with  lesser  amounts.  According  to  the  data  given,  varia- 
tions in  the  amount  of  total  nitrogen  in  a  soil  failed  to  exert  any  varying  influ- 
ence on  the  amount  of  nitrogen  fixed. 
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Soybeans  on  Soil  Treated  with  Nitsates,  Clover  Tops,  and  wieh  Clover 
Tops  and  Nitrazes 
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PLATE  3 

CowpEAS,  AT  75  Days,  on  Soil  Treated  with  Nitrates  (Above)  and  Cowpeas 
AS  THE  Second  Crop  on  Soil  Treated  with  Clover  Tops  (Below) 
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PLATE  4 

CowpEAS  ON  Soil  Treated  with  Nitrates  (Above)  and  Cowpeas  as  the 
TsnuD  Crop  on  Soil  Treated  with  Clover  Tops  (Below) 
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THE  POTENTIAL  BIOCHEMICAL  ACTIVITY  OF  THE  SPORES 
OF  SOIL  BACTERIA! 

J.  R.  KELLER 

New  Jeney  Agricultural  ExpenmerU  StaHan 

Reeehred  for  puUkatioii  Maicfa  6, 1920 

INTRODUCTION 

The  microdrganic  population  of  an  arable  soil  must  accommodate  itself  to 
great  fluctuations  in  moisture,  temperature,  aeration  and  food  supply.  Ob- 
viously only  those  types  survive  from  season  to  season  which  are  able  to  live 
during  the  unfavorable  periods.  Applications  of  manure  and  of  decaying 
organic  matter  will  introduce  non-spore-forming  organisms  which  may  be 
active  while  there  is  sufficient  food  and  moisture,  but  tend  to  disappear 
during  subsequent  exposure  to  desiccation.  Conn  and  Bright  (3,  p.  325) 
found  that  non-spore-formers  were  only  occasionally  isolated  from  a  soil 
which  had  not  been  manured  for  some  time,  while  the  spore-formers  were 
alwajrs  present  in  fairly  constant  numbers. 

Thus  it  seems  evident  that  considerable  of  the  work  of  liberating  plant-food 
from  plant  residues  and  from  dried  organic  matter  previously  added,  is  per- 
formed under  optimum  moisture  conditions  and  by  organisms  which  pre- 
viously existed  as  resting  bodies  or  spores.  In  order  to  measure  the  potential 
biochemical  activity  as  well  as  to  study  the  distribution  of  spores  existing  at 
any  given  time,  laboratory  tests  were  conducted  with  heated  and  unheated 
infusions  of  fresh  soil.  These  samples  were  taken  at  intervals  during  1916 
and  a  part  of  1917,  and  were  obtained  to  a  depth  of  |  meter  on  two  distinctiy 
different  t3rpes  of  arable  soil. 

It  is  hard  to  determine  the  amount  of  heat  which  should  be  applied  to  an 
infusion  as  cosmopolitan  as  that  of  the  soil  in  order  to  destroy  the  vegetative 
cells  and  as  few  as  possible  of  the  spores.  Lipman  (6,  p.  230)  used  a  tem- 
perature of  8(f  C.  for  10  minutes  and  found  that  infusions  thus  heated  and 
inoculated  into  sterile  peptone  solution  produced  nearly  as  much  ammonia 
at  the  end  of  4  days  as  the  unheated  infusions.  Conn  (2,  p.  188)  used  a 
temperature  of  75^C.  for  15  to  20  minutes,  and  found  that  tiie  numbers  of 
spore-formers  appearing  on  gelatine  plates  was  nearly  as  great  with  the 
heated  as  with  the  unheated  inoculum.  He  also  obtained  no  increase  in  the 
numbers  of  spore-formers  as  a  result  of  adding  heavy  applications  of  manure 
to  a  soil  and  concluded  that  sporulating  bacteria  of  the  soil  multiply  but 
slightiy  and  exist  for  the  most  part  as  inactive  spores. 

^  Technical  P^)er  No.  2  of  the  New  Jersey  Agricultural  Experiment  Stations,  Depart- 
ment of  Soil  Chemistry  and  Bacteriology. 
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Hiss  and  Zinsser  (4)  state  that  heating  to  55^  or  6(f  C.  for  10  minutes  causes 
the  death  of  most  vegetative  forms.  Lauback  (5,  p.  493)  used  a  temperature 
of  90^C.  for  15  minutes  for  his  isolation  of  non-pathogenic  bacterial  spores. 
Meyer  (7,  p.  127)  studied  the  thermal  death-points  of  the  spores  of  various 
pure  cultures  and  found  that  the  most  sensitive  could  withstand  a  tem- 
perature of  80**C.  for  nearly  3  hours. 

The  infusions  used  in  this  work  were  heated  to  85^C.  for  10  minutes.  This 
temperature  undoubtedly  destroyed  some  of  the  spores  as  well  as  the  vege* 
tative  cells,  but  it  also  destroyed  nearly  all  of  the  fungi  and  all  of  the  acti- 
nomycetes  and  chromogenic  bacteria.  At  least  these  organisms  failed  to 
appear  on  the  plates  inoculated  with  the  heated  infusions,  but  were  numerous 
on  those  inocidated  with  unheated  infusions. 

METHODS 

The  soil  samples  were  obtained  to  a  depth  of  64  cm.  at  intervals  of  about 
2  months  by  means  of  a  bacteriological  soil  sampler  previously  described  (8, 
p.  109).  With  the  aid  of  this  sampler,  it  was  possible  to  secure  each  of  the 
five  samples  from  a  small  area  without  affecting  the  soil  from  which  the 
following  samples  were  to  be  taken.  The  samples  were  placed  in  sterile  fruit 
jars  in  the  field  and  infusions  were  obtained  from  them  the  same  day.  The 
infusions  were  prepared  by  weighing  50  gm.  of  the  fresh  soil  into  Erlenmeyer 
flasks  containing  150  cc.  of  sterile  water.  These  were  shaken  vigorously 
for  5  minutes  and  allowed  to  settle,  after  which  portions  were  pipetted  off 
for  the  heated  and  unheated  inoculations.  The  portions  to  be  heated  were 
pipetted  into  selected  thin-walled  test-tubes.  By  means  of  rubber  bands 
these  tubes  were  held  in  place  against  the  sides  of  a  wire  basket  which  was 
then  placed  in  a  large  dish  of  water  heated  to  a  temperature  of  ST^'C.  The 
insertion  of  the  basket  and  tubes  would  bring  the  temperature  down  to 
85°C.,  where  it  was  maintained.  A  control  test-tube  containing  a  ther- 
mometer indicated  when  the  infusions  had  reached  a  temperature  of  85^C. 
The  water  surface  around  the  outside  of  the  test-tubes  was  alwa3rs  higher 
than  that  within  and  the  basket  was  moved  about  sufficiently  to  keep  the 
liquids  within  the  tubes  in  circulation.  At  the  end  of  the  10-minute  period, 
the  tubes  were  withdrawn  and  allowed  to  cool. 

Dilutions  were  made  from  all  infusions  thus  prepared  for  the  determination 
of  numbers  for  which  Brown's  egg  albumin  agar  (1,  p.  381)  was  used.  Counts 
were  made  after  incubating  the  plates  at  from  7Xf  to  22^C.  for  8  days. 

For  the  ammonia  and  carbon-dioxide  determinations,  250-cc.  Erlenmeyer 
flasks  containing  70  gm.  of  soil,  100  mgm.  of  nitrogen  in  dried  blood  and 
water  equivalent  to  50  per  cent  of  the  maximum  capacity  of  the  soil,  were 
sterilized  at  a  pressure  of  one  atmosphere  for  30  minutes.  These  flasks  were 
inoculated  with  5  cc.  of  soil  infusion  and  incubated  for  7  da3rs  at  from  20^ 
to  22^C.    Uninoculated  flasks  were  incubated  in  several  cases,  but  gave  no 
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ammonia  accumulation  over  that  originally  present,  nor  carbon-dioxide  pro- 
duction greater  than  the  blank  determinations  on  the  apparatus.  The 
ammonia  was  determined  by  the  magnesium  oxide  method,  and  the  carbon 
dioxide  by  a  method  previously  described  (9,  p.  226). 

THE  RELATHfE  NUHBERS  AND  DISTRIBXTTION  07  BACTERIA  SPORES  IN  TWO 
TYPES  OP  SOIL  AT  VARIOUS  DEPTHS  AND  SEASONS 

Bacterial  numbers  were  determined  on  all  infusions  of  samples  obtained 
for  biochemical  tests.  These  samples  were  obtained  on  August  8,  Novem- 
ber 28,  January  9,  April  3  and  June  14,  from  tilled  fields  of  Sassafras  gravelly 
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Fig.  1.    Curves  Showing  the  Relation  Between  the  Increase  in  Depth  or  Son. 

AND  the  DeCSEASE  IN  BACTEKIAL  NUMBERS  WmCH  SURVIVED  HEATING 

to  aS'^C.  FOR  10  Minutes  (Table  2) 

loam  and  of  Penn  shale  loam.  No  manure  or  fertilizer  was  added  to  these 
fields  during  the  two  growing  seasons  during  which  the  samples  were  taken. 
These  two  soils  are  very  unlike  in  texture,  as  may  be  seen  from  the  moisture 
record  in  table  1.  Unheated  infusions  of  the  finer- textured  shale  loam  gave 
a  much  higher  count  for  the  surface  layers,  but  not  for  the  subsoil.  That  a 
relatively  greater  number  survived  the  application  of  heat  in  the  surface 
layers  of  the  coarser-textured  gravelly  loam  is  evident  from  the  percentage 
values  in  table  2. 
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In  the  lower  layers  of  botli  types  of  soil,  however,  the  numbers  of  spores 
fell  off  much  more  rapidly  than  the  total  numbers  of  organisms.  This  is 
evident  for  all  of  the  sampling  (table  2),  which,  when  averaged,  give  5.8 
per  cent  and  8.7  per  cent  surviving  for  the  first  16  cm.  of  surface  soil,  but 
only  2.7  per  cent  and  1.6  per  cent  for  the  first  32  cm.  of  the  subsoiL    This 


TABLE  1 


Bacterial  mmbers  in  heated  and  unhealed  infusions 

graveUy  loam 

of  Peim  shale  loam  and  of  Sass^as 

f  ftf*AT>Ai  QSAVIUiT  y-***^ 

mm  or 

•AMffUMO 

Number  dtacteria 

W«g«t.t 

Number  oIlMCteriA 

Water  coBteBl 

UnhMtod 

Heated 

Unbeatod 

Heated 

efeofl 

Sampling  of  August  8 


em. 

mUUmufw 

miUi*us,Mf 
gm. 

p$rcmi 

im. 

miUUm$P$r 
gm. 

P»cmi 

0-8 

1.38 

0.110 

2.0 

11.00 

0.150 

18.5 

9-16 

3.47 

0.120 

2.5 

5.50 

0.310 

17.8 

17-32 

3.33 

0.090 

12.9 

1.80 

0.100 

20.5 

33-48 

1.43 

0.006 

6.4 

0.29 

0.008 

25.0 

49^ 

0.98 

0.001 

10.0 

0.05 

0.0003 

20.5 

Sampling  of  November  28 


0-8 

5.20 

0.370 

16.3 

9-16 

4.90 

0.400 

16.3 

17-32 

2.00 

0.053 

12.3 

33-48 

0.49 

0.010 

12.3 

Sampling  of  Januaiy  9 


0-8 

6.60 

0.800 

16.7 

29.00 

2.080 

31.0 

9-16 

4.50 

1.500 

16.7 

25.90 

4.790 

31.0 

17-32 

1.50 

0.250 

9.5 

3.40 

0.280 

26.0 

33-14 

0.17 

0.002 

9.0 

3.10 

0.009 

30.0 

Sampling  of  April  3 


0-8 

7.90 

0.350 

13.6 

6.30 

0.270 

25.0 

9-16 

4.80 

0.140 

23.0 

8.20 

0.310 

25.5 

17-32 

1.40 

0.030 

11.5 

1.80 

9.100 

25.0 

33-18 

0.73 

0.002 

10.5 

0.33 

0.003 

24.0 

49^64 

0.09 

0.002 

11.0 

0.03 

None 

24.5 

Sampling  of  June 

14 

•-8 

3.96 

0.162 

7.5 

15.50 

0.186 

22.0 

9-16 

2.31 

0.117 

10.2 

7.00 

0.245 

26.6 

17-32 

0.61 

0.037 

6.4 

6.10 

Lost 

26.6 

33-18 

Lost 

0.009 

4.2 

0.22 

0.006 

25.0 

49-^ 

0.21 

0.001 

4.2 

0.25 

0.005 

28.2 
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TABLE  2 

The  percentage  ofthebaderial  numbers  v4ttch  survived  keaHng  to  85*C.fer  10  minutes 

lAMfU 

J«iia«y 

V 

JoaeU 

A^ 

Avenge 

berlS 

Juiiiftfy 

April 

JomU 

Aiy-t 

kyenm 

cm. 

P^emi 

P»C0mi 

MrcwM 

P»emt 

P$rcmt 

P0fcmU 

P^cmU. 

P$rcmi 

fwtmU 

MrcmU 

fwcmt 

OS 

7.2 

4.5 

1.2 

1.4 

3.8 

6.1 

12.0 

4.0 

4.1 

8.0 

6.8 

9-16 

18.5 

3.8 

3.5 

4.6 

7.8 

8.1 

33.0 

3.0 

5.1 

3.5 

10.5 

17-32 

8.5 

5.5 

Lost 

5.6 

6.5 

2.7 

1.6 

2.1 

6.0 

2.7 

3.1 

33-48 

0.2 

1.0 

0.3 

2.8 

1.1 

2.0 

1.0 

0.3 

Txwt 

0.4 

0.9 

49-64 

None 

0.2 

0.6 

0.21 

2.0 

0.5 

0.1 

0.9 

great  decrease  (fig.  1)  in  the  relative  numbers  of  spores  in  the  subsoil  is 
possibly  due  to  the  fact  that  the  subsoil  flora  does  not  undergo  such  extreme 
fluctuations  in  environmental  conditions. 

THE  RELATIVE  ACTIVITY  OF  HEATED  AND  UNHEATED  INFUSIONS  AS  SHOWN 
BY  THE  AMMONIA  ACCUMULATIONS 

Parallel  sets  of  \mheated  and  heated  infusions  were  inoculated  into  Erlen- 
meyer  flasks  containing  70  gm.  of  sterile  soil  and  100  mgm.  of  nitrogen  in 
dried  blood,  the  moisture  content  being  50  per  cent  of  the  maximum.  The 
accumulation  of  ammonia  nitrogen  after  a  7-day  incubation  at  from  7Xf 
to  2TC.  is  shown  in  table  3.  A  decrease  in  the  ammonifying  power  of 
both  the  heated  and  unheated  infusions  obtained  from  subsoil  layers  may  be 
noted.  The  average  percentage  of  ammonia  accumulated  by  the  heated 
infusions  for  the  two  types  of  soil  at  the  various  dates  and  depths  of  sampling 
was  46.6  per  cent  for  the  Sassafras  gravelly  loam,  and  39.0  per  cent  for  the 
Penn  shale  loam. 

Thus  it  is  evident  that  the  spores  of  heated  infusions  became  active  when 
introduced  into  a  favorable  medium.  A  measiure  of  their  activity  when  in 
an  associative  or  competitive  relation  to  the  rest  of  the  soil  flora  is  difficult 
to  obtain.  Working  with  piure  cultures,  Conn  and  Bright  (3,  p.  329)  have 
presented  data  to  show  that  the  spore-former  BaciUus  cereus  is  a  strong 
ammonifier  when  used  alone,  and  that  the  ammonia  accumulation  was  no 
greater  when  it  was  mixed  with  the  non-spore-formers,  Pseudomonas  caudaius 
and  Pseudomonasfluorescens.  They  also  found  that  B.  cereus  failed  to  appear 
on  plates  after  inoculating  it  into  a  sterile  manured  soil  with  Ps.  caudaius  and 
Ps.fltMrescens. 
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TABLE  3 


blood  with  heated  and  unhealed  infusions  oj  Penn  shale  loam  and  Sassafras  gravdly  loam 

DEPTH  or 
SAMFUNO 

NHt  -  nitrogen  aocumulation 

Relative 

aocamulatioo 

by  heated 

infusion 

NHt  -  nitroien  aocumvlation 

aocumulation 
bj  heated 
ibfuaioB 

Unheated 

Heated 

Unheated 

Heated 

Sampling  of  August  8 


cm. 

mgm. 

mgm. 

percent 

mgm. 

mgm. 

percmU 

0-15 

21.29 

7.64 

35.8 

18.05 

5.93 

32.7 

16->31 

22.65 

3.44 

37.3 

13.10 

6.44 

49.1 

32-48 

20.29 

7.05 

34.7 

11.90 

5.54 

46.5 

48-64 

16.08 

5.73 

35.6 

11.32 

7.33 

64.8 

Sampling  of  November  28 


0.15 


8.60 


4.44 


51.6 


11.37 


4.13 


36.2 


Sampling  of  January  9 


0.15 


6.48 


2.77 


42.5 


5.62 


2.62 


46.8 


Sampling  of  April  3 


0-15 

5.89 

2.61 

42.6 

5.65 

2.62 

46.9 

16-31 

5.40 

2.29 

42.4 

4.07 

0.69 

16.9 

32-48 

4.10 

0.77 

19.0 

4.38 

0.58 

13.2 

Sampling  of  June  14 


0-15 

7.63 

6.36 

83.3 

12.50 

6.85 

54.8 

16-31 

11.00 

7.40 

67.3 

15.95 

5.41 

33.8 

32-48 

11.43 

5.65 

49.5 

7.22 

2.68 

27.2 

48-64 

6.48 

4.17 

64.3 

7.30 

3.54 

48.5 

Average 

46.6 

39.0 

THE   RELATIVE    ACTIVITY  OF  HEATED  AND  T7MHEATED   INFUSIONS   AS    SHOWN 
BY  THE  PRODUCTION  OF  CARBON  DIOXIDE 

Erlenmeyer  flasks  treated  in  the  same  way  as  those  used  for  ammonia- 
accumulation  tests  were  used  for  the  carbon-dioxide  work.  Before  using  soil 
infusions  a  series  of  determinations  were  made  on  flasks  inoculated  with  5  cc. 
each  of  heated  and  unheated  suspensions  of  Bacittus  subtUis.  These  sus- 
pensions were  obtained  by  adding  sterile  water  to  a  large  slant  culture  of  the 
organism  which  had  been  incubated  for  12  days.  As  may  be  seen  in  table  4, 
the  production  of  carbon  dioxide  was  as  great  for  the  last  3  days  as  for  the 
second  three  of  the  10-day  period.  The  total  carbon-dioxide  production  was 
about  the  same  for  the  heated  suspensions  irrespective  of  the  period  of  heating 


Digitized  by 


Google 


ACTIVITY  OF  SPORES  OF  SOIL  BACTERIA 


335 


TABLE  4 

The  amnumia-ni^ogen  accumulation  and  ike  COt  production  resuUing  from  inoculating  stenU 

soil  containing  dried  blood  with  heated  and  unhealed  infusions  of  Bacillus  subtiUs 


DATS  DfCUBATBD 


TO  8S*C. 


5  minutes 


lOminiites 


15  minatcs 


Carbon  dioxide 


ffifffi* 

mgm. 

mgm. 

mgm. 

0-3 

26.6 

14.6 

20.3 

8.1 

4-  7 

42.0 

29.9 

33.1 

35.6 

8-10 

35.3 

28.0 

28.3 

31.5 

0-10 

103.9 

72.5 

81.7 

75.2 

Per  cent  of  the  production  by    un- 

beated  infusions 

ei9.8 

78.7 

72  3 

Ammonia-Nitrogen 

10 

6.07 

4.53 

4.53 

4.68 

Per  cent  of  the  accumulation  by  un- 
healed infusions 

74.2 

74.2 

76  7 

TABLES 
The  production  of  C(^  resulting  from  inoculating  sterile  soil  containing  dried  blood  vnth  heated 
and  unhealed  infusions  of  Penn  shale  loam  and  Sassafras  gravelly  loam 


DAn 

DfCUBATBD 

vara 

or  SAMPUNO 

UnlMBted 

Heated 

Relative 

aocomuia- 

ti<n 

Unheated 

Heated 

Relatiye 
aocumuia- 

br  heated 
i£faiooi 

Sampling  of  August  8 

em. 

mgm. 

mgm. 

fercmt 

mgm. 

mgm. 

#crcml 

0-4 

90.1 

56.3 

90.1 

66.3 

0-16 

5-7 

178.7 

167.8 

201.5 

143.3 

■ 

0-7 

268.8 

224  A 

83.3 

291.6 

209.6 

71.9 

[ 

0.4 

53.0 

59.0 

104.8 

58.8 

17-32        { 

5-7 

207.2 

165.4 

204.3 

175.0 

1 

0-7 

260.2 

224.4 

86.2 

309.1 

233.8 

75.6 

Sampling  of  June  14 

0-16 
17-32 

0-4 

5-7 
0-7 

0-4 

5-7 
0-7 

64.4 

75.0 

139.4 

72.0 

74.6 

146.6 

46.4 

57.4 

103.8 

40.8 
53.3 
94.1 

74.4 
64.2 

72.3 

54.6 

126.9 

77.4 

62.7 

140.1 

59.8 

56.1 

115.9 

53.1 
40.3 
93.4 

90.5 
66.7 

Average  relative  accumul 

atbn 

77.0 

76.2 
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TABLE  6 
TripUcate  deknmnaHons  cf  bacterial  numbers  given  in  UMe  1 


i 

punr  lAAM 

8o 

|8 

Unlieatodiiioaihim 

Heated  iaocQlam 

Unheatod  inoculani 

Hwtadfaomhnw 

1 

2 

3 

1 

2 

3 

1 

» 

3 

1            2 

3 

Sampling  of  August  8 


em. 
0-8 

1.43 

1.33 

0.12 

0.11 

0.11 

11.0 

12.2 

9.8 

0.19 

0.17 

0.10 

9-16 

3.87 

2.37 

3.17 

0.16 

0.09 

0.10 

4.9 

7.3 

4.9 

0.38 

0.26 

0.28 

17-32 

3.18 

3.63 

3.18 

0.09 

0.08 

1.6 

1.5 

2.3 

0.10 

0.11 

0.10 

33-48 

1.59 

1.50 

1.60 

0.007 

0.005 

0.005 

0.26 

0.29 

0.33 

0.007 

0.011 

0.007 

49-64 

1.08 

0.94 

0.91 

0.001 

0.001 

0.002 

0.06 

0.05 

0.04 

0.0003  0.003 

0.0002 

Sampling  of  November  28 


0-8 

5.4 

4.5 

5.6 

0.418 

0.311 

0.382 

9-16 

4.9 

0.441 

0.370 

0.323 

17-32 

2.3 

1.60 

0.051 

0.051 

0.057 

33-48 

0.34 

0.45 

0.010 

0.011 

0.009 

Sampling  of  January  9 


0-8 

6.14 

5.50 

7.20 

0.90 

0.69 

29.0 

1.74 

2.17 

2.32 

9-16 

4.9 

4.7 

4.0 

1.44 

1.68 

24.3 

27.5 

3.77 

5.80 

17-32 

1.1 

1.8 

1.8 

0.30 

0.25 

0.20 

3.4 

3.3 

3.6 

0.35 

0.22 

33-48 

0.20 

0.20 

0.12 

0.002 

0.002 

0.001 

0.32 

0.30 

0.007 

0.007 

Sampling  of  April  3 


0-8 

7.7 

8.2 

0.32 

0.33 

0.39 

5.8 

6.1 

6.9 

0.25 

0.23 

0.32 

9-16 

6.2 

3.5 

0.17 

0.11 

0.13 

8.0 

6.5 

10.0 

0.29 

0.33 

0.32 

17-32 

1.4 

1.6 

1.4 

0.038 

0.033 

0.030 

1.4 

2.2 

1.7 

0.90 

0.10 

0.10 

33-48 

0.81 

0.64 

0.75 

0.002 

None 

None 

0.45 

0.27 

0.27 

0.003 

0.003 

49-64 

0.09 

0.09 

None 

0.002 

0.002 

None 

None 

0.03 

None 

None 

None 

None 

Sampling  of  June  14 


0-8 

3.76 

3.68 

4.43 

0.158 

0.145 

0.182 

12.90 

16.2 

17.3 

0.159 

0.171 

0.186 

9-16 

2.24 

2.45 

2.24 

0.078 

0.122 

0.111 

7.76 

6.28 

0.163 

0.231 

0.245 

17-32 

0.59 

0.54 

0.69 

0.032 

0.032 

0.048 

5.90 

6.25 

33-48 

0.008 

0.009 

None 

0.20 

0.20 

0.25 

0.007 

0.008 

0.006 

49-64 

0.175 

0.219 

0.228 

0.001 

0.0004 

None 

0.26 

0.25 

0.23 

0.0005 

0.0004 

0.0005 
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TABLE  7 
Duplicak  deierminaHoHS  of  ammonia  accmmdaHans  given  in  table  3 


naa  loam 

marm 
or  iAimaio 

UnliMtodiiifakiiis 

HMtediofiiiioiis 

HMtedinfoioiit 

1 

2 

1 

2 

1 

2 

1 

2 

Sampling  of  August  8 

cm. 

mgm- 

mtm. 

mim. 

MfW. 

mim. 

mtm. 

MfW. 

MfM. 

0-15 

21.88 

20.70 

8.02 

7.25 

18.8 

17.30 

7.40 

4.46 

16-32 

21.72 

23.50 

8.30 

9.17 

13.85 

12.35 

8.15 

4.72 

33-48 

20.98 

19.60 

7.73 

6.36 

12.46 

11.33 

5.86 

5.22 

4J>-64 

16.40 

15.76 

5.60 

5.86 

10.05 

12.60 

7.77 

6.88 

Sampling  of  November  28 


0-15 


9.6 


8.11 


3.70 


5.17       11.19       11.56 


4.43 


3.82 


Sampling  of  January  9 


0-15 


6.32        6.64 


3.20 


2.34        5.29        6.15        2.34 


2.91 


Sampling  of  April  3 


0-15 

5.72 

5.97 

2.80 

2.42 

5.59 

5.70 

2.32 

2.92 

16-31 

5.46 

5.34 

2.16 

2.42 

3.81 

4.32 

0.76 

0.51 

32-48 

3.74 

4.46 

0.64 

0.89 

4.70 

4.06 

0.51 

0.64 

Sampling  of  June 

14 

0-15 

7.95 

7.30 

6.61 

6.10 

13.30 

11.70 

7.50 

6.20 

16-31 

11.50 

10.39 

7.50 

7.30 

12.90 

19.00 

5.54 

5.28 

32-^ 

11.75 

11.11 

5.40 

5.90 

7.50 

6.94 

1.21 

4.14 

49-64 

5.91 

7.05 

4.00 

4.34 

8.70 

5.90 

2.50 

4.64 

TABLES 
Duplicate  determinaiions  of  ammonia  and  of  carbon  dioxide  given  in  table  4 


DAn 

UfVVSATB^ 

™»> 

DCrOSIOMB 

HBAISD  VOR  5 

KOfum 

HBATB)  roa  10 
Mnruns 

HEAnDioa  15 

HDrURS 

1 

2 

1 

2 

1 

2 

1 

2 

mim. 

mim. 

mim. 

MffM. 

mtm. 

mtm. 

mtm. 

mgm. 

0-3 

26.6 

26.6 

14.7 

14.4 

20.3 

31.2 

3.2 

13.0 

4^7 

39.0 

45.0 

29.9 

29.9 

33.1 

47.1 

34.5 

36.6 

^10 

36.7 

33.9 

25.2 

30.8 

28.1 

Lost 

27.7 

35.3 

0-10 

102.3 

105.5 

68.8 

75.1 

81.7 

65.4 

84.9 

Ammonia-nitrogen  for  10  days  in  flasks  used  for  the  above  C(^  determinations 


0-10 


6.17 


5.97 


4.67 


4.38 


4.41 


4.65 


4.98 


4.38 
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TABLE  9 
Duplicate  determinaU4ms  of  COk  productum  given  in  table  5 


DAYS 
IKCUBATBD 

RHM  LOAM 

DKPm 
or  lAiiPUiio 

UnhMtcd  infosioos 

Heated  infnaioiis 

Unlieatediikfaswnfl 

1 

2 

1 

^ 

1 

2 

1 

2 

Sampling  of  August  8 


cm. 

mim. 

mgm. 

fMfM. 

M|M. 

mtm. 

mgm. 

MfM. 

MfM. 

' 

0-t 

92.9 

87.2 

69.4 

63.2 

72.9 

107.4 

60.0 

52.7 

0-16     1 

5-7 

203.0 

200.0 

143.3 

Lost 

165.3 

192.0 

164.5 

171.0 

. 

0-7 

295.9 

287.2 

212.7 

238.2 

299.4 

224.5 

273.7 

/ 

0-4 

104.8 

58.8 

53.0 

59.0 

17-32 

5-7 

204.3 

175.0 

207.2 

165.4 

0-7 

309.1 

233.0 

260.2 

224.9 

Sampling  of  June  14 

0-4 

69.0 

75.6 

58.8 

60.8 

63.3 

65.4 

48.0 

44.7 

0-16     1 

5-7 

58.2 

51.0 

49.4 

62.7 

75.3 

74.6 

69.0 

45.7 

0-7 

127.2 

126.6 

108.2 

123.5 

138.6 

140.0 

117.0 

90.4 

0-4 

77.4 

53.1 

72.0 

40.8 

17-32 

5-7 

62.7 

40.3 

74.6 

53.3 

0-7 

140.1 

93.4 

146.6 

94.1 

between  the  limits  of  5  and  15  minutes.  This  lack  of  effect  of  the  period  of 
heating  was  also  observed  in  preliminary  work  on  the  numbers  surviving  in 
soil  infusions.  The  average  carbon-dioxide  production  by  this  heated  sus- 
pension of  B.  subiilis  was  73.6  per  cent  of  the  production  by  the  unheated 
for  a  10-day  period. 

The  ammonia  accumulation  in  the  flasks  from  which  the  carbon  dioxide 
was  determined  is  also  given  in  the  table,  and  averaged  75  per  cent  for  the 
heated  inf usion9.  This  close  correlation  with  the  relative  carbon-dioxide  pro- 
duction has  been  previously  shown  for  bacterial  cultiires  (9,  p.  242). 

Table  5  gives  the  production  of  carbon  dioxide  from  infusions  of  the  two 
types  of  soil  for  the  sampling  of  June  14  and  August  8.  The  average  per 
cent  of  carbon  dioxide  by  the  heated  infusions  of  Penn  shale  loam  for  a  7-day 
period  was  77  per  cent  of  the  production  by  the  unheated  infusions.  The 
corresponding  value  for  the  Sassafras  gravelly  loam  was  76.2  per  cent. 

It  is  believed  that  the  higher  production  for  the  samples  of  August  8  was 
due  to  a  higher  temperature  of  incubation,  as  the  refrigeration  apparatus 
was  not  working  properly  during  the  month  of  August,  and  the  incubation 
temperature  was  higher  than  from  20^  to  22^C. 
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CONCLUSIONS 

1.  Infusions  from  the  five  successive  layers  of  the  upper  64  cm.  of  soil  were 
heated  to  85^C.  for  10  minutes,  and  the  carbon-dioxide  production,  ammonia 
accumulation  and  munbers  were  compared  with  a  similar  treatment  with 
unheated  infusions. 

2.  In  the  surface  soil  of  the  finer-teztiired  loam,  5.8  per  cent,  and  of  the 
coarser  loam,  8.7  per  cent,  of  the  original  count  survived  a  temperature  of 
85**C.  for  10  minutes. 

3.  The  relative  number  surviving  in  the  subsoil  was  much  less,  being  2.7 
and  1.6  per  cent,  respectively. 

4.  Very  few  fungus  colonies,  and  no  actinomycetes  or  chromogenic  types 
were  observed  in  the  plates  inoculated  with  heated  infusions. 

5.  For  a  7-day  period  the  average  anunonia  acciunulation  resulting  from 
inoculating  with  heated  infusions  was  46.6  per  cent  of  that  with  unheated 
infusions  obtained  from  Sassafras  gravelly  loam  and  39  per  cent  when 
infusions  from  Penn  shale  loam  were  used. 

6.  For  a  10-day  period  the  carbon  dioxide  produced  by  inoculating  with 
heated  infusions  of  B.  subtUis  was  about  the  same  whether  the  infusion  had 
been  heated  for  5, 10,  or  15  minutes,  and  averaged  73.6  per  cent  of  the  amount 
produced  by  unheated  infusions. 

7.  For  a  7-day  period  the  average  carbon-dioxide  production  resulting 
from  the  use  of  heated  infusions  of  Penn  shale  loam  was  77  per  cent  of  that 
obtained  with  unheated  infusions.  The  corresponding  value  for  Sassafras 
gravelly  loam  was  76.2  per  cent. 

8.  The  acomiulation  of  NHs  and  the  production  of  carbon  dioxide  resulting 
from  inoculating  a  sterile  soil  with  heated  infusions  correlate  with  each  other 
in  showing  that  the  bacterial  spores  of  the  soil  are  capable  of  energetic  activity 
when  supplied  with  sufficient  food  and  moisture.  As  to  whether  they  would 
be  equally  active  in  liberating  plant-food  when  competing  with  the  actinomy- 
cetes, non-sporulating  bacteria,  and  fungi  in  a  normal  soil  flora,  is  a  subject 
which  needs  further  investigation.  When  sufficient  information  concerning 
the  importance  and  environmental  requirements  of  the  various  groups  of  soil 
microorganisms  has  been  obtained,  the  way  will  be  ready  for  a  more  rational 
control  of  soil  conditions  to  enhance  the  action  of  the  beneficial  groups  and  to 
check  those  which  are  detrimental. 
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STUDIES  ON  THE  REACTION  OF  PLANT  JUICES^ 

A.  R.  C.  HAAS> 

DepttrPmtnts  of  AiricuUutal  Bacteriology  and  SoUs^  UnhorsUy  of  Wisconsin 

neodfed  for  pablkatSon  Much  5, 1930 

Comparatively  little  investigation  has  been  done  on  the  actual  reaction* 
of  plant  juices  upon  plant  metabolism,  notwithstanding  its  importance. 
Loeb,  in  1919,  in  a  series  of  five  papers  on  amphoteric  colloids  in  the  Journal 
of  General  Phjrsiology,  has  shown  the  importance  of  the  reaction  upon  the 
retention  and  excretion  of  ions  from  protein-containing  solutions,  as  well  as 
upon  other  phjrsical  and  chemical  properties  of  amphoteric  colloids.  The 
factors  that  may  affect  the  reaction  of  plant  juices  are  numerous,  and  as  yet 
are  but  little  understood. 

Inasmuch  as  the  soil  reaction  is  one  of  the  important  factors  affecting  the 
growth  of  plants,  it  is  quite  possible  that  the  degree  of  acidity  of  plant  juices 
may  be  correlated  with  the  reaction  of  the  soil  upon  which  the  plants  are 
grown.  It  has  already  been  shown  by  Fred  and  Davenport  (4)  that  the 
reaction  of  the  medium  markedly  affects  the  metabolism  of  legume  bacteria, 
and  that  they  are  rendered  inactive  at  a  more  or  less  well-defined  critical 
pH  value  of  the  mediiun.  In  addition  to  the  reaction  of  the  substrate,  metero- 
logical  and  hereditary  factors  may  be  considered  as  possibly  affecting  the 
reaction  of  plant  juices. 

The  present  paper  deals  with  the  actual  and  the  total  acidities  and  the 
total  alkalinity  of  the  juices  of  a  number  of  plants  of  agricultural  importance, 
together  with  a  study  of  the  influence  of  liming  the  soil  upon  these  acidities. 
The  actual  acidities  of  the  different  parts  of  plants  and  their  relation  to  one 
another  are  discussed.  The  effects  of  age,  lack  of  chlorophyll  and  changes 
in  illumination,  upon  the  actual  and  total  acidities  of  plant  juices  also  are 
considered. 

The  actual  acidity  of  soil  solutions  (27)  from  which  plants  derive  food  has 
been  the  subject  of  considerable  investigation  (25).  The  studies  of  Hoagland 
(12)  on  the  relation  of  the  nutrient  solution  to  the  composition  and  reaction 
of  the  cell  sap  of  barley  plants,  is  a  step  in  the  right  direction. 

^  Published  with  the  permission  of  the  Diiector  of  the  Wisconsin  Agricultural  Experiment 
SUtion. 

*  The  writer  has  been  obliged  to  conclude  his  present  studies  and  finds  it  advisable  to 
present  the  data  thus  far  obtained. 

*  By  actual  acidity  is  meant  the  amount  of  dissociated  add.  The  total  acidity  includes 
both  the  dissociated  and  undissociated  adds. 
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It  has  been  sho¥ni  that  the  actual  reaction  of  the  juice  of  most  plants  is 
markedly  add  (7,  8),  and  that  only  occasionally  are  species  found  with  cells 
the  juices  of  which  are  neutral  or  slightly  alkaline  in  reaction  (5).  However, 
Kappen  (13)  has  recently  reported  a  slight  alkalinity  in  the  juice  of  wheat 
roots.  Rose  (20)  has  also  reported  the  interesting  observation  that  as  germi- 
nation begins,  the  reaction  of  the  embryos  of  Sambucus  changes  from  alkaline 
to  acid  but  that  the  endosperm  remains  alkaline.  The  juice  of  succulent 
plants  has  been  found  by  Hempd  (11)  to  be  quite  add  in  reaction,  and  it 
was  she  who  first  duddated  the  nature  of  the  buffer  processes  existing  in  the 
juice  of  such  plants. 

For  previous  work  upon  reaction  as  regards  both  plants  and  animals,  the 
bibli<^graphy  compiled  by  Schmidt  and  Hoagland  (21)  is  very  complete. 

METHOD  OP  DETEKIONING  THE  ACmiTy  OP  PLANT  JUICES 

The  determination  of  both  the  actual  and  the  total  addity  (10)  of  plant 
juices  was  carried  on  by  the  use  of  the  hydrogen-dectrode.  It  was  found  that 
the  juice  obtained  from  the  plants  growing  in  a  single  pot  was  frequently 
insuffident  for  carrying  on  a  determination  of  the  actual  reaction  when  a  3- 
by-lO-cm.  glass  titration  tube  was  used.  An  effort  was  made  to  use  the 
indicator  paper  method  (9)  but  it  was  found  quite  impossible  to  secure  dear 
or  nearly  clear  plant  juice  even  after  filtration  by  various  methods  and  re- 
peated centrifuging.  Unless  the  juice  was  very  add,  it  retained  a  deep  green 
color.  Moreover,  it  was  considered  inadvisable  to  use  two  methods  (the 
indicator  paper  method  is  less  accurate  than  the  dectrometric)  in  making 
comparative  determinations,  especially  in  case  differences  are  small. 

Accordingly  a  small  hydrogen-electrode  vessd  was  devised  as  shown  in 
figure  1,  in  order  that  determinations  of  the  actual  addity  could  be  made 
when  only  three  or  four  drops  of  plant  juice  were  available.  The  essential 
point  in  the  construction  of  the  apparatus  is  to  make  the  bulb  F  of  such  size 
and  shape  that  a  few  drops  of  solution  suffice  to  cover  the  lower  end  of  the  glass 
tube  for  the  KCl  contact  and  gas-electrode.  The  small  hydrogen-dectrode 
vessel  was  found  to  be  more  convenient  than  the  larger  vessd  except  when 
the  juice  was  to  be  titrated,  in  which  case  the  larger  vessd  was  used.  A 
small  quantity  of  plant  juice  was  found  to  be  preferable  to  a  larger  quantity, 
for  with  small  amounts  of  juice  equilibrium  was  more  rapidly  attained.  The 
results  obtained  with  the  small  apparatus  were  compared  with  the  results 
obtained  with  the  larger  hydrogen-dectrode  vessel. 

The  juice  from  fresh  medium  red  clover  grown  out-of-doors  was  obtained 
by  first  crushing  the  cells  in  a  tinned  meat  grinder  and  then  pressing  out  the 
juice  through  a  clean  linen  doth.  The  extracted  juice  was  not  centrifuged. 
Four  drops  of  the  plant  juice  (0.12  cc.)  were  introduced  with  a  pipette  into 
the  small  hydrogen-dectrode  vessel.  The  actual  reaction  of  the  plant  juice 
was  found  to  be  pH  =  6.02.    The  original  juice  was  left  standing  J  hour 
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and  a  second  quantity  amounting  to  4  drops  (0.13  cc.)  was  used.  The  actual 
reaction  was  found  to  be  pH  =  6.06.  A  7-cc.  sample  of  the  original  juice 
was  then  run  with  the  larger  hydrogen-electrode  vessel  and  the  actual  reaction 
of  the  juice  was  found  to  be  pH  =  6.06.    In  the  determination  of  the  actual 


-A 


Fig.  1.    The  Small  Hydrogen  Electrode  Apparatus  Drawn  to  Scale 

A,  Hydrogen-electrode  wire  at  lower  end  connected  with  mercury  to  wire  connection  at 

upper  end.    B,  Connection  with  KCl  to  the  calomel  electrode.    C,  Hydrogen  inlet.    Z>, 

Holes  for  outlet  excess  gas.    F,  Plant  juice.    G,  Rubber  holder  for  hydrogen  electrode  vessel 

with  glass  tube  inserted  at  lower  end  for  rigidity,  and  window  at  upper  end  for  observation. 

reaction  of  some  very  minute  quantities  of  plant  juice,  this  small  type  of 
hydrogen-electrode  apparatus  served  a  very  useful  purpose  and  facilitated 
considerably  the  numerous  determinations  of  the  reaction  made  upon  agri- 
cultural plants. 
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Besides  determining  the  actual  reaction  of  plant  juice,  it  was  found  pos- 
sible, whenever  5  cc.  or  more  of  juice  was  available,  to  titrate  the  total  acid 
by  means  of  the  hydrogen-electrode.  It  is  possible  to  titrate  much  smaller 
quantities  of  juice,  but  it  is  not  convenient.  By  titrating  the  total  acidity 
of  the  plant  juice  it  is  possible  to  obtain  an  idea  of  its  buffer  action. 

The  following  titrations,  taken  at  random  from  a  large  number  of  deter- 
minations, serve  to  indicate  the  degree  of  accuracy  that  can  be  secured  by 
the  electrometric  titration  (10)  of  aliquots  of  the  same  sample  of  expressed 
plant  juice  when  the  readings  of  E.  M.  F.  are  made  with  a  voltmeter.  The 
results  are  given  in  table  1. 

TABLE  1 

Agreement  of  duplicate  deternUmUions  of  actual  acidity  upon  adding  0,0689  N  sodium  hydroxide 
to  10  cc.  of  juice  of  medium  red  clover  tops 


niRTIIAL 

fffftWP  T*'^^ 

Actual  addity 

NaOH  added 

Actual  acidity 

PH 

ce. 

PH 

ee. 

6.08 

0 

6.10 

0 

6.92 

1.0 

6.88 

1.0 

7.53 

2.0 

7.53 

2.0 

8.09 

3.0 

8.07 

3.0 

8.41 

4.0 

8.41 

4.0 

8.69 

5.0 

8.68 

5.0 

9.00 

6.0 

9.02 

6.0 

9.34 

7.0 

9.34 

7.0 

9.63 

8.0 

9.60 

8.0 

Without  plotting  the  values,  it  is  obvious  that  the  two  successive  titrations 
check  very  closely.  In  an  electrometric  titration,  it  is  frequently  possible  to 
observe  errors  in  the  reading  of  the  burette  or  the  £.  M.  F.  by  the  fact  that 
such  points  ordinarily  do  not  fall  close  to  the  trend  of  the  titration  curve. 

EFFECT  OF  STANDING  ON  THE  ACTUAL  AND  TOTAL  ACIDITIES 

The  previous  treatment  of  the  plants  and  the  time  elapsing  between  ex- 
pressing and  using  the  plant  juice  may  influence  the  actual  and  total  acidities 
obtained.  The  total  acidity  of  plant  juice  will  differ  according  to  the  pH 
we  select  as  our  end-point.  If  we  select  pH  =  6.81  we  have  the  turning  point 
for  litmus;  if  we  select  pH  =  8.31  we  have  the  turning  point  for  phenol* 
phthalein.  Hence  in  titrating  for  total  acidity  we  can  tell  at  once  from  the 
curve  the  amount  of  alkali  required  for  titration  to  any  given  pH  and 
consequently  to  the  color  change  for  any  indicator.  For  example,  some 
medium  red  clover  plants  12  to  14  inches  high,  growing  on  a  limed  plot  (pH 
=  7.53)  were  cut  off  just  above  the  surface  of  the  soil  at  11.30  a.m.  and 
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TABLE  2 

Effect  of  standing  en  actual  and  total  acidities  of  medium  red  clover  juice 
10  cc.  of  juice  titrated  with  0.0684  N  sodium  hydroxide 


ACTUAL  ACISTTT 


nAMTS  nOM  UKED  SOIL 


ACTUAL  ACmiTT 


PLAM18  nOM  UHinHD  BOIL 


I    (1.50  p.m.) 

I    (8.15  p.m.) 

PH 

M.NaOH«iMctf 

pH 

u.N»ORM$d 

6.12 

0.0 

5.94 

0.0 

7.31 

1.0 

6.45 

1.0 

8.05 

2.0 

6.94 

2.0 

8.56 

3.0 

7.53 

3.0 

8.90 

4.0 

8.07 

4.0 

9.20 

5.0 

8.39 

5.0 

9.46 

6.0 

8.75 

6.0 

n    (3.05  p.m.) 

n    (9.30  p.m.) 

6.12 

0.0 

5.82 

0.0 

6.84 

1.0 

6.45 

1.0 

7.87 

2.0 

6.94 

2.0 

8.22 

3.0 

7.33 

3.0 

8.41 

4.0 

7.97 

4.0 

8.98 

5.0 

8.22 

5.0 

9.35 

6.0 

8.66 

6.0 

m    (3.55  p.m.) 

6.03 

0.0 

6.84 

1.0 

7.56 

2.0 

8.00 

3.0 

8.36 

4.0 

8.68 

5.0 

9.05 

6.0 

IV    (5.00  p.m.) 

6.04 

0.0 

6.72 

1.0 

7.51 

2.0 

7.88 

3.0 

8.34 

4.0 

8.69 

5.0 

9.08 

6.0 

V    (7.10  p.m.) 

Freshly  expressed  and  centrifuged 

6.10 

0.0 

6.72 

1.0 

7.39 

2.0 

7.97 

3.0 

8.69 

5.0 

9.02 

6.0 
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placed  in  beakers  containing  water.  Some  medium  red  dover  plants  8 
to  10  inches  high  from  an  unlimed  but  otherwise  similarly  fertilized  plot 
(pH  =  6.19)  were  treated  in  the  same  way.  Just  prior  to  the  first  determi* 
nation  in  each  of  the  two  series  of  table  2,  the  lower  portion  of  the  plants 
that  had  been  in  the  beakers  of  water  were  cut  off  and  discarded,  and  the 
juice  of  the  upper  remaining  portion  was  expressed  and  centrifuged  15 
minutes.  The  juice  of  the  plants  from  the  limed  soil  was  kept  in  the  dark 
and  10-cc.  aliquots  were  titrated  at  intervals  throughout  the  afternoon. 
The  juice  of  the  plants  from  the  unlimed  soil  was  not  expressed  until  in  the 
evening  and  only  two  successive  titrations  were  made. 

From  the  table  it  is  evident  that  on  standing  in  the  dark  there  is  a  tendency 
for  the  medium  red  clover  juice  to  undergo  changes  in  its  actual  and  total 
acidities.  In  the  first  four  determinations  on  equal  aliquots  of  the  same 
original  juice  of  plants  grown  on  the  limed  soil  there  was  an  increasing  total 
acidity,  whereas  the  fifth  determination,  made  upon  freshly  expressed  and 
centrifuged  juice,  behaved  more  like  determinations  in  and  IV  than  like  I 
and  n  as  regards  total  acidity  and  more  like  determinations  I  and  11  than  like 
in  and  IV  as  regards  initial  actual  acidity.  The  juice  of  the  unlimed  clover 
had  a  greater  actual  and  total  acidity,  upon  allowing  the  expressed  and 
centrifuged  juice  to  stand  in  the  dark,  than  when  used  inunediately.  When 
the  juice  of  the  limed  clover  plants  was  left  standing  over  night  for  24  hours 
and  its  actual  acidity  again  determined,  it  was  found  that  the  value  for  the 
actual  acidity  had  changed  from  pH  =  6.12  to  pH  »  5.91.  This  marked 
increase  in  actual  reaction  upon  oxidation  of  the  juice  is  in  accord  with  the 
observations  of  Miss  Hempd  (11)  for  the  juice  of  succulent  plants.  The 
results  in  table  2  cannot  be  compared  with  those  in  table  1  as  it  is  essential 
to  use  fresh  plants.  Furthermore,  as  will  be  indicated,  the  soil  solution  and 
other  factors  may  affect  the  actual  and  total  acidities  of  plants. 

ETFECT  OF  LIMING  ON  THE  ACTUAL  AND  TOTAL  ACIDITIES 

On  comparing  determination  I  of  the  imlimed  clover,  in  table  2,  with 
determinations  I  and  V  of  the  limed  dover,  it  is  found  that  the  unlimed  clover 
has  a  greater  actual  and  a  greater  total  acidity  than  the  limed  clover,  regard- 
less of  the  pH  which  might  be  chosen  as  the  end-point.^ 

^  In  order  to  compare  determination  I  of  the  iinlim^  with  determination  V  of  the  limed 
dover  as  regards  total  add,  we  select  any  pH  as  our  turning  point  and  note  the  amount  ol 
alkali  required  to  bring  the  juice  to  the  selected  pH  end-point  Thus  for  exan^,  in  de- 
termination I  of  the  unlimed  dover  we  find  that  5  cc  of  alkali  are  required  in  order  to  bring 
the  pH  of  the  juice  to  8.39,  whereas  in  determination  V  of  the  limed  clover  less  than  5  cc 
of  the  alkali  is  required  in  order  to  bring  the  pH  of  the  juice  to  8.39,  since  5  cc.  carries  us 
0.50  beyond  the  end-point  pH  »  8.39.  This  shows  that  the  juice  of  the  unlimed  dover 
has  a  greater  total  acidity  than  the  juice  of  the  limed  dover  with  reference  to  pH  -  8.39 
as  our  end-pomt 
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It  seems  important,  therefore,  to  consider  the  effect  of  liming  the  soil  on 
the  actual  and  total  acidities  of  plants  grown  on  such  soils.  Various  crops 
were  grown  on  Plainfidd  sand,  using  pots  containing  11,500  gm.  of  soil. 
Plant  tissue  was  available  from  these  pots  through  cooperation  with  Dr. 
C.  B.  Clevenger. 

Half  of  the  pots  received  sufficient  ground  limestone  to  neutralize  all  of  the 
add  as  indicated  by  the  Truog  test  (24),  and  all  the  pots  received  2  gm.  of 
dipotassium  phosphate.    The  seeds  were  planted  March  1. 

The  actual  and  the  total  acidities  of  6  cc.  of  alsike  clover  juice  were  deter- 
mined for  both  the  limed  and  the  unlimed  Plainfield  sand.  The  tops  were 
cut  May  13  and  the  juice  was  centrifuged  for  10  minutes  after  being  ex- 
pressed. In  none  of  the  experiments  in  this  paper  was  there  any  water 
added  to  the  crushed  plant  tissue  or  the  expressed  juice.  The  values  obtained 
for  alsike  clover  are  given  in  the  form  of  curves  in  figure  2. 

From  the  curves,  it  is  evident  that  the  actual  as  well  as  the  total  acidities 
of  the  juice  of  the  tops  of  alsike  clover  plants  grown  without  liming  are  greater 
in  every  case  than  those  with  liming.  If,  for  example  pH  =  8.0  is  diosen  as  the 
end-point,  it  is  seen  at  once  that  the  6-cc.  sample  of  juice  from  the  plants 
with  liming  required  2  cc.  of  alkali,  whereas  that  from  plants  without  liming 
required  3  cc.  to  bring  the  juice  to  pH  =  8.0. 

The  7-cc.  samples  of  juice  of  serradella  tops  cut  on  June  2  from  limed  and 
imlimed  Plainfidd  sand  gave  a  different  relationship  (figure  2)  from  that 
described  for  alsike  dover.  The  actual  acidity  of  the  plants  with  liming 
was  greater  than  that  of  the  plants  without  liming.  As  alkali  was  added,  at 
first  the  total  addity  of  the  juice  of  the  limed  plants  is  greater,  then  less, 
and  then  greater  than  that  of  the  juice  of  the  imlimed  plants. 

When  the  8-cc.  samples  of  juice  of  the  tops  of  garden  bean  plants,  grown 
on  limed  and  on  unlimed  Plainfidd  sand  and  cut  on  May  13,  were  examined, 
the  results  represented  by  the  curves  in  figure  2  were  obtained.  It  is  foimd 
that  the  actual  as  well  as  the  total  addities  of  the  juice  of  plants  with  liming 
was  greater  than  that  of  the  plants  without  liming.  These  results  might 
be  explained  possibly  by  such  a  fact  as  Gile  and  Ageton  (6)  have  found  for 
beans,  namely,  that  in  the  ash  of  bush  beans  the  amount  of  lime  was  slightly 
decreased  rather  than  increased  with  increasing  amounts  of  caldiun  carbonate 
in  the  soil. 

Barley  plants,  not  yet  in  bloom,  were  cut  off  at  the  surface  of  the  limed 
and  unlimed  Plainfidd  sand  on  May  12.  The  expressed  plant  juices  were 
centrifuged  for  15  minutes.  The  results  obtained  for  the  actual  and  the 
total  addities  of  15-cc.  samples  of  the  juices  are  plotted  in  figure  3.  The 
initial  actual  addity  was  greater  in  the  plants  from  unlimed  than  from  limed 
soil.  The  total  addity  in  both  cases  was  practically  the  same  for  any  given 
pH  as  the  end-point. 

When  15-cc.  samples  of  juice  obtained  from  oat  plants  cut  May  9  on 
limed  and  unlimed  Plainfield  sand  were  examined,  it  was  found  (fig.  3)  that 
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the  initial  actual  acidities  of  the  juices  were  practically  the  same.  However, 
as  regards  total  acidity,  it  was  found  that  no  matter  which  pH  was  chosen 
as  the  end-pointy  the  plants  with  liming  showed  a  greater  total  acidity  than 
those  without  liming. 

If 


Cubic  ccntfmeten  of  .066^ M  Ma  0// actdect 


Fio.  2.    CusvEs  SHOwmo  the  Actual  and  Total  AcmiriES  (Expsessed  in  Tekms  07 

Cubic  Centdietbxs  or  0.0684  HJ  Sodium  Hydroxide)  of  the  Juices  or  Plaints 

GxowN  ON  Limed  and  Unlimed  Son. 
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Com  plants  growing  on  soils  similar  to  those  of  the  oat  plants  were  cut 
May  9.  The  titration  curves  of  15-cc.  samples  of  both  juices  resemble  those 
for  oat  plants.  The  initial  actual  acidities  with  and  without  liming  were  the 
same.  However,  for  any  chosen  end-point  (pH)  the  total  acidity  of  the 
juice  of  the  com  with  liming  was  greater  than  that  without  liming. 

Truog  (25)  has  suggested  that  one  of  the  chief  functions  of  caldum,  when 
taken  up  by  the  plant  in  the  carbonate  or  bicarbonate  form,  is  to  neutralize 
and  precipitate  adds  within  the  plant  and  thus  prevent  an  injurious  degree 
of  addity.  How  these  irregular  results  may  be  harmonized  with  this  sug- 
gestion will  now  be  discussed. 
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Fig.  3.    Cukves  Showing  the  Actual  and  Total  Acidities  of  the  Juice  of  Baxley, 
Oat,  and  Cobn  Plants  Gxown  on  Limed  and  Unumed  Son. 

Some  of  the  results  from  plants  grown  upon  Plainfield  sand  are  most 
irregular  if  not  abnormal  when  compared  with  those  from  plants  grown  upon 
other  types  of  soil.  Frequently  the  addition  of  lime  to  Plainfidd  sand  had 
an  unfavorable  efiFect  on  plant  growth  even  with  plants  that  ordinarily  are 
benefited  by  liming.    This  soil  thus  gave  some  unexpected  results. 

In  the  experiments  just  described  there  was  not  taken  into  consideration 
the  possibility  that  differences  in  actual  and  in  total  addities  may  exist  in 
different  parts  of  the  same  plant.  With  succulent  plants  in  which  the  leaves 
are  of  large  size  it  is  relativdy  a  simple  matter  to  separate  the  leaf,  stem,  and 
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root  portions  of  the  plants  and  to  compare  the  actual  and  the  total  acidities 
of  corresponding  parts.  With  alfalfa,  clover  and  other  plants  of  a  similar 
nature,  it  requires  considerable  time  and  patience  to  separate  the  leaves, 
stems,  and  roots  from  one  another  in  order  to  obtain  sufficient  of  the  plant 
juice  with  which  to  carry  on  the  determinations. 

In  some  of  the  determinations  of  the  actual  acidity  of  the  plant  juice  of 
rhubarb  leaf-stalk,  it  was  found  (8)  that  the  actual  reaction  varied  consider- 
ably according  to  the  part  of  the  plant  from  which  the  jtiice  was  expressed. 
The  observations  of  Rose  (20)  upon  the  reaction  of  different  parts  of  seed 
tend  to  emphasize  the  fact  that  it  is  essential  to  compare  the  expressed  juices 
of  corresponding  parts  of  plants. 


/  «  3  4  5  6 

Fig.  4.    Curves  Showino  the  Actual  and  Total  Acidities  or  Leaves,  Stems,. 

PsnoLES,  and  Roots  or  Medium  Red  Clover  Plants  Grown  with  and 

Without  Liming 

The  results  reported  in  this  paper  (fig.  4)  point  out  the  fact  that  leaves,, 
stems,  and  roots  may  differ  quite  considerably  in  their  actual  reaction. 

In  order  to  control  the  conditions  as  much  as  possible,  fresh  medium  red 
clover  was  secured  from  the  adjoining  farm  plots;  one  plot  had  received  lime,, 
the  other  had  not.  The  actual  reaction  of  the  Umed  plot  (aqueous  extract) 
was  pH  =  7.53  and  that  of  the  unlimed  plot  pH  =  6.19.  The  plants  from  the 
Umed  plot  were  20  to  24  inches  high,  whereas  those  from  the  unlimed  plot, 
were  10  to  18  inches  high.  When  the  plants  were  cut  on  May  30  those  from 
the  unlimed  plot  appeared  a  lighter  green  than  the  others.  In  the  first  de- 
termination the  leaflets  were  picked  from  each  plant  and  their  juice  expressed 
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in  the  usual  manner.  In  order  to  observe  errors  that  might  be  introduced  as 
a  result  of  changes  in  the  juice  during  a  20-minute  period  of  centrifuging,  a 
determination  of  the  actual  acidity  of  a  portion  of  the  juice  was  made  im- 
mediately after  the  juice  was  expressed,  whereas  the  remainder  of  the  juice 
was  centrifuged.  The  results  obtained  for  the  effect  of  centrifuging  on  the 
initial  actual  acidities  of  the  juices  may  be  stated  briefly  as  follows: 

Uncenirifugei 

Limed  plants 

Leaves pH  -  6 .  19 

Steins  and  petioles pH  »  5.95 

Unlimed  plants 

Leaves pH  «  6 .  02 

Stems  and  petioles pH  -*  5.63 

Cenir^uged 

Limed  plants 

Leaves pH  »  6. 12 

Stems  and  petioles pH  «  5.89 

Unlimed  plants 

Leaves pH  -  5 .99 

Stems  and  petioles pH  »  5 .62 

Obviously,  only  a  slight  increase  in  actual  reaction  of  the  juice  of  the  above- 
ground  parts  occurred  during  the  centrifuging. 

The  curves  (fig.  4)  represent  the  actual  and  the  total  acidities  (expressed 
in  terms  of  0.0684  N  sodium  hydroxide)  of  the  7-cc.  samples  of  different  parts 
of  medium  red  clover  plants.  The  titration  curves  make  it  evident  that  the 
initial  actual  reaction  of  the  leaves,  stems  and  petioles,  and  roots  of  plants 
from  limed  soil  was  less  than  that  of  the  corresponding  parts  of  the  plants 
from  unlimed  soil.  The  total  acidities  of  the  leaf  juices  were  quite  similar 
in  both  cases.  The  juice  of  the  stems  and  petioles  of  the  plants  from  limed 
soU  had  a  smaller  total  acidity  than  that  of  the  plants  from  unlimed  soiL 
The  total  acidity  of  the  roots  without  liming  was  at  first  greater  than  that 
with  liming,  but  became  smaller  than  that  with  liming  as  the  titration  pro- 
ceeded. 

However,  the  day  previous  to  the  above  experiment,  two  lots  of  medium 
red  clover  roots  were  secured  from  the  same  plot  as  before  and  detenni- 
nations  made  of  the  actual  reactions  of  the  uncentrifuged  juice.  From 
table  3  it  is  evident  that  the  roots  with  liming  had  a  slightly  greater  actual 
acidity  than  the  roots  without  liming  and  that  the  results  obtained  for  the 
root  juice  (fig.  4)  are  reversed. 

Timothy  and  winter  wheat  plants  were  cut  June  11  at  the  surface  of  the 
soil  of  the  same  limed  and  unlimed  plots  in  which  the  medium  red  clover 
was  growing.  The  actual  reactions  recorded  in  table  3  indicate  that  the 
effect  of  liming  the  soil  was  to  decrease  the  actual  acidity  of  the  juice  of 
timothy  and  wheat. 
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White  mustard  plants  were  grown  on  the  limed  and  the  milimed  Plainfidd 
sand  from  March  1  to  June  13.  When  the  tops  were  cut  off  they  were  very 
unequal  in  size  on  the  limed  and  unlimed  pots.  The  roots  from  the  limed 
and  unlimed  soil  with  about  an  inch  of  the  attached  stem  were  the  only  parts 
utilized  in  the  determinations  of  the  actual  acidities  of  the  juices. 

Table  3  makes  it  dear  that  the  juice  of  the  roots  with  liming  showed  a  less 
actual  addity  than  without  liming.  Whenever  roots  were  used  they  were 
repeatedly  washed  with  pure  distilled  water  and  then  shaken  free  of  any 
adhering  moisture,  after  which  they  were  further  dried  by  drawing  them 

TABLE  3 
Actual  acidities  of  juice  of  different  parts  of  plants  groum  on  limed  and  unlimed  soU 


Medium  red  clover,  lot  1 . . . 
Medium  red  clover,  lot  2 . . . 
Timothy 

Timothy 

^^ter  wheat,  lot  1 

Winter  wheat,  lot  2 

"White  mustard 

White  mustard 

Com 

Field  peas 

Buckwheat 

Alfalfa 

Baltic  alfalfa  no.  550 

Common  South  Dakota  alfalfa, 

no.  363 
Alsike  clover 


PAKT  OT  FLAMT 


Roots 
Roots 
Leaves,  stems,  young 

spikes 
Leaves,  stems,  young 

spikes 
Tops  (pollen  stage) 

Leaves,     stems,     no 

spikes 
Roots  with  lower   1 

inch  of  stem 
Entire  plants 
Tops 
Tops 

entire  plants 
Tops 
Roots 
Roots 

Roots 


fSKATMmT 

PH 

Uncentrifuged 

5.87 

Uncentrifuged 

5.82 

Uncentrifuged 

6.17 

Uncentrifuged 

6.19 

Centrifuged  10 

6.33 

minutes 

Centrifuged  10 

6.12 

minutes 

Uncentrifuged 

5.91 

Uncentrifuged 

5.78 

Centrifuged 

5.48 

Uncentrifuged 

6.53 

Uncentrifuged 

5.97 

Centrifuged 

6.19 

Uncentrifuged 

6.12 

Uncentrifuged 

6.12 

Uncentrifuged 

5.81 

pH 
5.91 
5.88 
6.14 

6.12 

5.95 

5.77 

5.62 

5.48 
5.48 
6.80 
5.48 
5.99 
6.21 
6.06 

5.68 


over  a  good  grade  of  filter  paper.  These  determinations  were  made  possible 
by  usmg  the  small  hydrogen-electrode  vessel.  The  tops  were  so  unequal  in 
size  (plate  1)  that  it  seemed  best  to  utilize  the  tops  of  white  mustard  at  an 
earlier  stage,  when  they  were  more  nearly  equal  in  size  and  a  more  fair  com- 
parison of  the  actual  acidities  of  the  juices  would  be  possible. 

White  mustard  seed  was  sown  in  Colby  silt  loam  in  pots  containing  11,500 
gm.  of  the  soil.  To  some  pots  no  lime  was  added;  to  others  1  per  cent  suf- 
ficient ground  limestone  was  added,  to  neutralize  the  acidity  as  shown  by 
Truog's  method.  Each  pot  received  25  cc.  of  water  containing  1  gm.  of 
dipotassiimi  phosphate.  The  other  plants  grown  on  Colby  sQt  loam,  which 
are  to  be  mentioned  later,  received  the  same  soil  conditions  as  white  mustard. 
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The  juice  of  the  white  mustard  plants  was  so  small  in  amount  that  in  order 
to  obtain  any  at  all,  it  was  necessary  to  place  the  entire  plants  inside  a  linen 
cloth  and  after  crushing  the  plant  cells  in  a  porcelain  mortar,  the  juice  was 
expressed  by  wringing  the  cloth.  The  actual  acidities  of  the  juices  of  the 
plants  under  both  treatments,  as  regards  liming,  are  given  in  table  3.  Even 
at  this  early  stage  in  the  growth  of  the  plants,  a  distinct  decrease  in  the 
actual  reaction  of  the  juice  of  plants  with  liming  as  compared  with  that  of 
plants  without  liming  is  evident. 

When  com  plants  about  10  to  12  inches  high  that  were  grown  on  Umed  and 
on  unlimed  Colby  silt  loam  were  used  for  determinations  of  actual  acidities. 


Fig.  5.    Cukves  Showing  the  Actual  and  Total  Acidities  of  the  Juice  of  Buckwheat 

Tops  and  of  the  Juices  of  Alfalfa  Tops,  Lxtpine  Tops,  and 

Lupine  Roots  Grown  Wrra  and  Without  Ldcing 


the  juice  in  both  cases  gave  a  value  of  pH  =  5.48.  The  small  hydrogen-elec- 
trode vessel  was  not  available  at  the  time  and  separate  determinations  on  the 
leaves  and  stalks  were  not  made. 

The  actual  acidities  of  the  juices  of  field  pea  tops  and  of  entire  buckwheat 
plants  grown  on  limed  and  unlimed  Colby  silt  loam  were  determined.  The 
field  pea  plants  in  each  case  were  about  8  inches  high;  the  buckwheat  plants 
in  each  case  were  about  5  to  6  inches  high.    The  results  are  given  in  table  3. 

In  table  3  it  is  seen  that  the  acidity  of  the  juice  of  the  pea  plants  with 
liming  was  greater  than  that  of  the  plants  without  liming.  With  buckwheat 
the  converse  was  true,  and  the  actual  reaction  with  liming  was  much  less 
than  without  liming. 
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Plants  from  limed  and  milimed  plots  at  Monroe^  ^K^sconsin,  were  biou{^t 
into  the  laboratory  shortly  after  being  dug  up.  The  roots  were  well  covered 
with  soil  and  the  t(^  were  in  excellent  condition.  Table  3  gives  the  results 
for  alfalfa  tops  and  several  lots  of  roots,  obtained  from  limed  and  unlimed 
plots.  Figure  5  gives  the  titration  curves  of  9.5-cc.  samples  of  juice  of  the 
alfalfa  tops  from  limed  and  unlimed  soil  and  shows  that  liming  decreased 
both  the  actual  and  total  acidities. 

Viewing  table  3  as  a  whole,  it  is  found  that  in  one  case,  liming  the  soil  was 
followed  by  no  change  in  the  actual  acidity  of  the  plant  juice.  However, 
in  10  out  of  14  cases  the  addition  of  lime  was  followed  by  a  decrease  in  the 
actual  acidities  of  the  plant  juices. 
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CuRviEs  Showdto  the  Actual  and  Total  AcmmES  or  the  Juice  or  the  Leaves 
AND  Stems  of  Qrchasd  Geass 


Although  yellow  lupines  do  not  grow  well  on  limed  Plainfield  sand,  it  was 
possible  to  secure  sufficient  of  the  plant  juice  to  obtain  an  idea  concerning 
the  effect  of  liming  on  the  actual  acidity  of  the  juice.  The  plants  had  grown 
from  March  1  to  June  3.  The  plants  without  liming  were  in  blo(xn,  whereas 
the  plant  with  liming  was  not  in  bloom  and  was  only  about  one-half  as  high 
as  the  former.  Unfortunately,  insufficient  jtiice  was  obtained  from  the 
smgle  plant  grown  on  limed  soil  to  carry  on  a  titration  for  the  total  acidity. 
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In  both  cases  the  buds,  flowersi  and  nodules  were  discarded^  A  7-cc.  sample 
of  juice  was  used  in  each  titiation.  The  lesults  obtained  for  yellow  liq>ine 
are  given  in  the  form  of  curves  in  figure  6. 

The  curves  indicate  that  lime  decreased  the  actual  acidity  of  the  juice  of 
yellow  lupine  t(^.  Without  liming  the  total  acidity  of  the  juiceof  the  Uups 
was  greater  than  that  of  the  roots. 

TABLE  4 
A  summary  of  the  effect  ofUming  the  soil  upon  the  actual  and  total  acidities  of  plant  juices 


Alfalfa  tops 

Alfalfa  roots  (Baltic  no.  550) 

Alfalfa  roots  (Common  South  Da- 

Ikota  no.  363) 

Alsike  clover  roots 

Alsike  clover  tops 

Barley  tops 

Buckwheat  (entire  seedlings) 

Com  tops 

Com  tops 

Field  peas  tops 

Garden  bean  tops 

Lupine,  yellow  tops 

Lupine,  yellow  roots 

Medium  red  clover  roots 

Medium  red  clover  tops 

Medium  red  clover  leaves 

Medium   red    clover   stems   and 

petioles 

Medium  red  dover  roots 

Mustard,  white,  roots 

Mustard,  white  entire  plants 

Oat  plants 

Serradella  tops 

Timothy  tops 

^^ter  wheat  tops 

^^ter  wheat,  leaves  and  stems, 
no  heads 


AcrvALAcnnnoi 

ACTUAL  ACDonr 

JUICB 

Limed 

UnUncd 

pH 

pH 

Decrease 

6.19 

5.99 

Increase 

6.12 

6.21 

Decrease 

6.12 

6.06 

Decrease 

5.84 

5.68 

Decrease 

6.19 

5.28 

Decrease 

5.72 

5.62 

Decrease 

5.97 

5.48 

No  difference 

5.19 

5.19 

No  difference 

5.48 

5.48 

Increase 

6.53 

6.80 

Increase 

5.65 

5.97 

Decrease 

5.63 

5.31 
5.80 

Increase 

5.87 
5.82 

5.91 
5.88 

Decrease 

6.12 

5.94 

Decrease 

6.19 

6.02 

Decrease 

5.95 

5.63 

Decrease 

5.92 

5.84 

Decrease 

5.91 

5.62 

Decrease 

5.78 

5.48 

Decrease 

5.67 

5.65 

Increase 

5.74 

5.94 

Decrease 

6.17 
6.19 

6.14 
6.12 

Decrease 

6.33 

5.95 

Decrease 

6.12 

5.77 

lOEALACmm 

Decrease 

Decrease 
No  difference 

Slight  increase 
Increase 


Decrease 
No  difference 

Decrease 

Decrease  then  in- 
crease 


Slight  increase 
Decrease  then   in- 
crease 


Table  4  gives  the  results  of  liming  the  soil  upon  the  reaction  of  plant  juices. 
Apparently  most  of  the  evidence  at  hand  confirms  Truog's  suggestion*|that 
lime  may  function  to  decrease  or  regulate  the  actual  acidity  of  the  plant 
protoplasm. 
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The  experiments  of  Kappen  (13)  emphasize  the  fact  that  as  the  actual 
acidity  increases  in  the  root  juice,  there  is  also  a  very  appreciable  increase  in 
the  total  acidity  of  the  juice.  In  the  titration  of  the  total  acidities  for  limed 
and  unlimed  conditions,  the  writer  found  that  when  liming  caused  a  decrease 
in  the  actual  acidity,  frequently  there  was  a  decrease  in  the  total  acidity; 
also  that  when  liming  produced  an  increased  actual  acidity,  there  was  usually 
an  increased  total  acidity.  In  this  paper,  the  data  for  the  effect  of  liming  on 
the  total  acidities  of  plant  juices  are  too  meager  to  permit  making  a  con- 
clusive statement  regarding  it.  That  the  total  acidities  of  plant  juices  do 
sometimes  fluctuate  quite  regularly  in  the  same  direction  as  the  actual  acidi- 
ties, will  be  shown  in  a  subsequent  paper  by  Bauer  and  myself.  Miss  Irwin 
(16)  has  made  the  interesting  observation  that  under  certain  conditions  the 
carbon-dioxide  production  by  petals  may  increase  and  still  the  actual  reaction 
of  the  cell  contents  may  decrease. 

AGSICULTUIIAL  PLANTS  WITH  HIGH  ACTUAL  AND  TOTAL  ACIDIIIES 

As  stated  the  actual  reaction  of  the  juice  of  yellow  lupines  was  found  to 
be  pH  B  5.31  and  pH  =  5.63  for  unlimed  and  limed  conditions,  respectively. 
Hempel  (11)  working  with  20-day-old  white  lupine  seedlings,  found  their 
actual  reaction  to  be  pH  =  5.93.  Of  the  plants  with  quite  acid  juices,  buck- 
wheat is  of  interest.  It  was  mentioned  before  that  the  juices  of  buckwheat 
(entire  seedlings  5  to  6  inches  high  with  but  few  leaves  on  each  seedling)  had 
actual  reactions  of  pH  =  5.48  and  pH  »  5.97  when  the  plants  were  grown 
on  unlimed  and  limed  soil,  respectively.  Buckwheat  tops,  partially  flowering 
and  in  seed,  gave  a  juice  with  an  actual  acidity  of  pH  =  4.82.  An  aqueous 
extract  of  the  soil  on  which  this  buckwheat  was  grown  had  an  actual  reaction 
of  pH  =  7.68.  The  actual  acidity  of  the  juice  of  nearly  mature  buckwheat 
plants  is  markedly  greater  than  during  the  early  stages  of  growth.  The 
titration  values  for  the  actual  and  the  total  acidities  of  the  juice  of  buckwheat 
plants  in  their  advanced  stage  are  plotted  in  figure  5. 

The  curve  for  buckwheat  indicates  a  marked  buffer  action  of  its  juice.  The 
15-cc.  sample  of  the  centrifuged  juice  required  the  addition  of  about  4.2  cc. 
of  the  alkali  to  bring  the  juice  to  pH  =  6.81,  which  is  the  color  change  for 
litmus,  and  about  8  cc.  of  the  alkali  to  bring  the  juice  to  pH  »  8.31,  the 
color  change  for  phenolphthalein. 

VARIATIONS  OF  REACTION  IN  DIFFERENT  PARTS  OF  PLANTS 

The  titration  curves,  in  figure  4,  for  medium  red  clover,  from  limed  and 
unlimed  soils,  show  that  the  actual  acidities  and  the  acid  reserves  of  the 
juices  of  the  leaves,  stems,  and  roots  may  differ  quite  considerably.  By 
acid  reserve  we  mean  the  amount  of  dissolved  acid  or  acid  salts  in  the  undis- 
sociated  form  that  dissociates  as  we  neutralize  some  of  the  acid  (hydrogen 
ions).    The  curves  in  figure  4  show  that  for  both  soils  the  leaf  juice  tiad  the 
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greatest  add  reserve.  The  add  reserve  of  the  root  juice,  however,  was 
doser  to  that  of  the  stems  and  petioles  than  to  that  of  the  leaves,  and  was 
somewhat  intermediate  in  position.  The  results  of  Kappen  (13)  indicate 
that  the  juice  of  the  above-ground  parts  of  a  plant  has  a  greater  total  addity 
than  that  of  the  roots. 

The  importance  of  determining  the  actual  and  total  addities  of  comparable 
tissues  or  organs,  or  parts  of  the  plants,  rather  than  of  the  entire  tops,  b 
further  emphasized  in  the  experiments  with  sweet  dover.  It  is  evident  that 
if  plant  juice  varies  in  its  actual  or  total  reaction  according  to  the  part  of  the 
plant  from  which  it  is  expressed,  then  the  number  of  leaves,  stems,  roots, 
etc.,  on  the  two  lots  of  plants  that  are  being  compared  may  become  a  factor 
of  considerable  importance. 

In  order  to  study  the  variations  of  actual  reaction  in  different  parts  of 
plants,  the  results  obtained  for  blue-grass  may  be  examined.  The  plants 
were  about  20  inches  high  and  in  the  pollinating  stage.  The  soil  reaction 
was  neutral  to  slightly  alkaline.  The  actual  addities  of  the  uncentrifuged 
juices  of  the  upper  five  inches  of  the  tops  which  induded  all  of  the  inflor- 
escences, and  of  the  lower  15  inches  of  the  tops,  were  determined  and  found 
to  be  as  follows:  upper  5  inches  of  tops  induding  inflorescences,  pH  »  6.11; 
lower  15  inches  of  tops,  pH  »  5.92.  The  results  for  blue-grass  show  that 
plant  juice  may  vary  in  its  actual  reaction  in  different  parts  of  the  plant. 

The  results  with  orchard  grass  also  show  a  change  of  actual  reaction  of  the 
juice  in  different  parts  of  the  plant.  The  orchard  grass  was  cut  June  9  from 
a  neutral  to  slightly  alkaline  soil.  Determinations  were  made  of  the  actual 
reaction  of  the  different  parts  of  the  plants,  using  10-cc.  samples  of  juice 
centrifuged  for  10  minutes.  The  ciurves  in  figure  6  plotted  from  the  results 
obtained,  show  that  the  initial  actual  addity  of  the  juice  of  the  stems  is 
greater  than  that  of  the  leaves.  Between  pH  »  6  and  9  the  total  addity  of 
the  leaf  juice  is  greater  than  that  of  the  stem  juice.  Until  approximatdy 
the  point  pH  »  6  is  reached,  the  conditions  of  total  addities  are  reversed 
from  what  they  are  beyond  pH  =  6. 

IS  THEKE  A  GRADIENT  OF  REACTION  IN  PLANTS? 

An  extreme  case,  that  of  sweet  dover,  may  be  taken  to  emphasize  the 
differences  that  exist  in  the  reaction  of  the  juice  from  different  parts  of  the 
same  plant.  At  3:45  p.m.,  May  29,  an  entire  sweet  dover  plant  was  dug 
up.  The  actual  reaction  of  the  soil  extract  was  pH  =  7.68.  The  tops  were 
24  inches  high  and  the  length  of  thickened  root  obtained  was  about  8  to  10 
inches.  The  tops  represented  the  second  year's  growth.  The  simlight  was 
intensdy  bright  and  the  leaves  had  lost  some  of  their  turgidity.  The  actual 
addity  determinations  of  the  juice  taken  from  different  portions  of  the  same 
plant  are  given  in  table  5.  These  results  indicate  that  the  juice  in  this  par- 
ticular plant  was  add,  neutral,  and  alkaline,  depending  upon  the  portion  of 
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the  plant  from  which  the  juice  was  taken.  Among  the  numerous  plants 
examined,  the  writer  has  not  found  another  spedes  exhibiting  this  condition. 
It  is  evident  from  table  5  that  in  this  case  a  steq)  gradient  existed  in  theactual 
reaction  from  the  one  end  to  the  other,  the  upper  end  bdng  the  least  add. 
The  studies  of  Child  (2)  on  the  metabolic  and  suscq>tibility  gradients  in 
plants  and  animals  are  of  great  interest,  and  possibly  the  use  of  sweet  dover 
in  these  studies  would  give  further  valuable  information.  At  present  our 
results  upon  addity  gradients  are  too  meager  to  permit  of  oondusions  re- 
garding their  significance. 

In  connection  with  addity  gradients  in  plants  it  is  well  also  to  consider 
their  relation  to  enzyme  activity  (3,  17),  since  the  reaction  within  a  plant 
may  range  from  marked  addity  at  one  end  to  a  considerable  alkalinity 
at  the  other  end.  Bunzell  (1)  has  reported  the  results  of  a  thorough  study 
of  the  d^;ree  of  oxidase  activity  of  different  plant  juices,  but  has  found 
it  necessary  to  carry  on  all  of  the  experiments  in  a  solution,  the  actual  addity 
of  which  was  greater  than  that  of  the  neutral  point  for  distilled  water.  In 
alkaline  solutions,  pyrocatechol,  as  well  as  most  other  good  oxidase  reagents, 
are  oxidized  by  atmospheric  oxygen,  so  that  it  is  quite  impossible  to  dis- 
tinguish between  the  oxidation  due  to  the  alkalinity  of  the  solution  and  that 
due  to  the  oxidase  activity  of  the  plant  juice. 

In  order  to  demonstrate  condusivdy  that  a  large  plant  like  this  can  possess 
an  alkaline  reaction  of  the  degree  found  at  one  end  of  the  addity  gradient, 
some  second  year's  growth  of  sweet  dover  was  cut  from  various  locations  about 
the  Soik  Building  at  the  Wisconsin  station.  The  entire  tops  of  the  various 
lots  gave  the  following  pH  values:  7.50,  7.51,  7.54,  7.55,  7.59,  7.80,  and  7.90. 
It  is  therdore  evident  that  for  plants  like  sweet  dover,  it  is  important  to 
compare  results  from  corresponding  parts  of  plants.  The  different  actual 
addities  of  the  different  parts  of  sweet  dover,  together  with  the  different 
proportions  of  leaves,  stems  and  petioles  in  the  various  lots,  undoubtedly  have 
been  largdy  responsible  for  the  above  wide  range  of  7.50-7.90  in  the  pH  value. 

THE  ACTUAL  REACTION  OF  THE  JUICE  FROM  THE  SUCCEEDING  YEAR's 
GROWTH  OF  THE  SAME  CROP 

When  the  pH  values,  in  table  5  are  compared  for  the  first  and  second 
year's  growth  of  sweet  dover,  it  is  found  that  the  different  parts  of  the  first 
crop  of  the  first  year's  growth  were  somewhat  more  add  than  the  second  year's 
growth.  Further  experiments  are  necessary  before  a  condusion  can  be 
reached  in  this  regard. 

Since  the  second  year's  growth  was  much  more  vigorous  than  that  of  the 
first  year,  the  question  arises:  do  the  more  vigorously  growing  plants  of  a 
spedes  show  a  decrease  in  the  actual  reaction  of  their  juice  compared  with 
that  of  less  activdy  growing  plants  of  the  same  spedes? 
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TABLES 
Actual  reacHcn  of  the  Juice  from  different  portions  of  sweet  dcner  plants 


ACTUAL  ACWat 

First  crq>;  First  year's  growth 

PH 
6.53,    6.65,    6.68, 
6.38,    6.46,    6.48, 

7.38 
6.48 

Each  lot  composed  of  leaves,  petioles  and  buds 
F4ich  lot  composed  of  stems  only 

First  crop;  Second  year's  growth 

8.00 
7.04 
6.68 
6.46 

5.82 


Upper  3  inches  of  the  tops,  stem,  leaves  and  buds 

Leaves  and  petioles  of  remainder  of  tops  (no  stems) 

Stems  to  about  2  inches  above  the  soil  (no  leaves) 

2  inches  of  lower  part  of  stem 

2  inches  of  ujqper  part  of  root 

Root:  6-inch  portion  below  the  upper  2  inches  of  root 


ACm  EESESVE  OF  THE  JUICE  OF  PLANTS  GROWING  IN  SAME  ENVIRON- 
MENT 

Since  it  has  been  observed  that  the  juice  of  the  second  year's  growth  of 
sweet  clover  may  be  markedly  alkaline  in  reaction,  it  may  be  of  interest  to 
compare  the  add  reserve  of  the  juice  from  the  tops  of  the  second  year's 
growth  of  sweet  clover  with  that  of  the  second  year's  growth  of  medium  red 
clover.  Both  species  were  growing  together  in  a  plot,  an  aqueous  extract  of 
which  gave  a  reaction  of  pH  =  7.51.    The  plants  were  cut  May  23. 

Determinations  were  also  made  of  the  acid  reserve  of  the  root  juice  of  the 
two  spedes  of  plants  which  were  obtained  from  the  same  part  of  the  plot  3 
days  later.  Ten-cubic-centimeter  samples  of  juice  centrifuged  for  15  minutes 
were  used  in  every  case.  The  titrations  were  repeated  on  a  second  series  of 
aliquots  of  the  same  juice  and  the  results  checked  very  dosely.  The  results 
are  shown  in  figure  7. 

The  curves  indicate  that  the  juice  of  the  roots  in  the  two  cases  has  a  greater 
add  reserve  than  the  juice  of  the  tops  of  similar  plants  cut  3  days  previously. 
They  indicate  also  that  the  jtdce  of  the  mediimi  red  dover  tops  and  of  the  roots 
has  a  greater  add  reserve  than  that  of  the  sweet  dover  tops  and  roots,  re- 
spectivdy.  Furthermore,  the  actual  addity  of  the  juice  of  medium  red 
dover  tops  is  greater  than  that  of  sweet  dover  tops,  whereas  the  actual 
addity  of  the  juice  of  the  roots  of  both  spedes  was  practically  the  same. 
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Fig.  7.    Cxtrves  Showing  the  Acm  Reserve  or  Tops  or  the  Second  Year's  Growth  or 

Sweet  Clover  and  or  Medium  Red  Clover  Cut  on  the  Same  Day,  and  that 

or  the  Roots  or  Both  Species  Obtained  3  Days  Later 

THE  ALKALI  RESERVE  OF  PLANT  JUICE 

It  was  considered  worth  while  to  determine  the  degree  to  which  the  juice 
of  the  second  year's  growth  of  sweet  clover  could  become  alkaline.  A  group 
of  such  plants  24  to  34  inches  high  was  growing  luxuriantly  near  the  edge  of  a 
burned  refuse  pile.  The  reaction  of  the  soil  extract  was  pH  =  7.68.  The 
uppermost  2  inches  of  a  large  nimiber  of  the  plants  were  plucked  and  only 
the  very  tip  of  the  axis,  together  with  its  unfolding  leaves,  was  retained  for 
the  determination  of  the  actual  reaction  of  the  juice. 

When  the  tips  were  cut  the  sun  had  been  shining  several  hours,  although 
the  previous  two  days  it  had  been  raining.  The  juice  was  centrifuged  5 
minutes  and  the  actual  reaction  was  found  to  be  pH  —  8.47.  Since  phenol- 
phthalein  turns  pink  at  pH  =  8.31,  the  juice  of  the  tips  of  sweet  clover  had 
an  actual  reaction  apparently  alkaline  to  phenolphthalein.  The  alkali  reserve 
of  a  10-cc.  portion  of  centrifuged  juice  of  the  tips  of  sweet  clover  was  then 
determined  by  adding  different  amounts  of  standard  acid  to  the  juice  and 
observing  the  new  pH  after  each  addition  of  the  acid.*  The  values  obtained 
in  this  way  are  given  in  the  form  of  a  curve  in  figure  8. 

*By  alkali  reserve  we  mean  the  change  in  the  actual  reaction  of  the  juice  upon  the 
addition  of  add. 
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Since  sweet  clover  juice  was  decidedly  alkaline  and  had  a  high  alkaline 
reserve^  it  appeared  probable  that  it  nJght  contain  more  carbonates  than 
the  more  add  juice  of  medium  red  clover  tops.  The  apparatus  of  Van  Slyke 
(26)  was  used  for  the  estimation  of  carbon  dioxide  in  the  juices. 


Fio.  S. 
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CUKVES  SHOWD70  THE  AUCAU  ReSEKVE  OP  DiFVEKEMT  PAXIS  OV  SwEBT   CLOVZE 

AND  Medium  Red  Clover 


The  readings  of  table  6  are  not  mtended  for  absolute  values,  and  hence 
coirections  have  not  been  made.  The  juice  of  sweet  clover  tops  contained 
approximately  50  per  cent  more  carbon  dioxide  than  did  that  of  medium  red 
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clover.  Undoubtedly  some  of  the  carbon-dioxide  gas  existed  as  dissolved 
gas  in  the  juice,  and  hence  without  further  experiments  it  is  impossible  to  say 
how  much  was  in  the  carbonate  or  bicarbonate  form.  It  is  for  this  reason 
that  the  results  for  medium  red  clover  are  given  as  a  control.  The  results 
for  the  two  species  may  therefore  serve  as  a  rough  comparison  of  the  relative 
amounts  of  carbonates  and  bicarbonates  in  the  juice  of  the  two  species. 

The  juice  of  the  roots  of  the  second  year's  growth  of  sweet  clover  was  then 
examined  for  its  alkali  reserve.  The  juice  from  the  tops  of  the  plants,  from 
which  the  roots  were  taken,  had  an  actual  acidity  of  pH  =»  7.90.  Likewise 
the  actual  reaction  and  alkali  reserve  of  the  juice  of  medium  red  clover  roots 
from  the  same  plot  as  that  from  which  the  sweet  clover  roots  were  taken  were 
then  determined.  The  alkali  reserve  of  the  juice  of  the  tops  of  both  species 
from  the  same  plot  as  before  also  was  then  determined.    Ten-cubic-centi- 

TABLE  6 

Total  amount  of  carbon  dixoide  {uncorrected)  in  3<c,  aliquots  of  the  uncenirifuged  juice 

of  tops 


tlWEKI  CLOVXE 

MBDIUM  ISO  CLOVXE 

ce. 

CC, 

0.142 

0.140 

0.090 

0.170 

0.090 

0.140 

0.100 

0.180 

meter  samples  of  juice  were  used  in  the  several  titrations.  The  actual  acidity 
and  alkali-reserve  determinations  were  carried  on  at  about  the  same  time, 
since  it  has  been  shown  especially  for  some  of  the  succulents  that  a  con- 
siderable diurnal  variation  may  take  place  in  the  reaction  of  the  juice  (14, 
15, 18, 19  and  22).  From  the  curves  (fig.  8)  plotted  from  the  results  obtained, 
it  is  seen  that  the  juice  of  the  unfolding  tips  of  sweet  clover  has  a  much 
greater  alkali  reserve  than  that  of  the  tops,  and  that  of  the  tops  greater  than 
that  of  the  roots.  The  alkali  reserves  of  the  root  juices  of  sweet  and  of 
medium  red  clover  are  practically  identical  until  pH  »  4.85  is  reached,  at 
which  point  the  curves  begin  to  diverge.  The  alkali  reserve  of  the  juice  of 
medium  red  clover  tops  is  greater  than  that  of  the  roots,  though  the  difference 
is  not  as  marked  as  with  sweet  clover.  Much  more  data  are  necessary  before 
any  far-reaching  conclusions  can  be  drawn. 

EFFECT  OF  THE  ABSENCE  OF  CHLOROPHYLL  (INHERITABLE)   UPON  THE 
REACnON  OF  PLANT  JUICE 

In  studies  upon  normal  and  etiolated  lupine  seedlings  Hempel  (11)  found 
that  light  decreases  the  total  acidity  to  litmus,  but  increases  the  total  addity 
to  phenolphthalein  when  compared  with  the  total  acidity  of  plants  kq>t 
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in  the  dark,  although  the  actual  acidity  remains  nearly  constant.  The 
writer  was  able  to  secure  com  seed  that  produced  seedlings,  about  25  per 
cent  of  which  were  pure  white.*  The  juice  of  both  the  green  and  the  colorless 
plants  was  tested  for  its  actual  and  total  acidity. 

A  preliminary  experiment  was  carried  on,  using  other  com  seedlings.  The 
results  of  the  preliminary  experiment  are  not  to  be  emphasized  on  account 
of  the  fact  that  it  is  uncertain  whether  or  not  all  of  the  seedlings  received 
similar  conditions  of  illumination. 

The  seedlings,  of  which  only  the  tops  were  used,  were  18  days  old  when 
the  preliminary  experiment  was  carried  on.  The  actual  and  total  acidities 
of  6-cc  samples  of  juice  that  had  been  centrifuged  15  minutes  were  deter- 
mined.   If  the  curves  in  figure  9  are  examined  it  is  found  that  the  juice  of 


Fig.  9. 
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Curves  Showing  the  Actual  akd  Total  Acidities  op  Green  and  of  White 
Tops  op  Corn  Seedlings 


the  chlorophylless  tops  did  not  behave  in  a  manner  similar  to  that  of  the 
chlorophyllous  tops  as  regards  total  acidity.  The  total  acidity  of  the  juice  of 
the  green  tops  is  much  greater  than  that  of  the  white  tops  until  about  the 
point  pH  =s  8.7  is  reached,  when  the  curves  cross  each  other.  Moreover, 
the  initial  actual  acidity  of  the  juice  of  the  green  tops  was  greater  than  that 
of  the  white  tops.  If  the  chlorophylless  tops  behaved  like  etiolated  plants, 
then,  according  to  the  interesting  observations  of  Hempel  (11)  for  etiolated 
lupine  seedlings,  it  should  be  expected  that  the  chlorophylless  tops  would 
have  shown  a  greater  total  acidity  than  the  chlorophyllous  tops  to  litmus — 
pH  «  6.81,  but  a  smaller  total  acidity  than  the  chlorophyllous  tops  to  phe- 
nolphthalein — ^pH  =  8.31.    Neither  of  these  two  conditions  hold  in  the  curves 

•These  were  furnished  through  the  kindness  of  E.  W.  Lindstrom,  of  the  University  ot 
Wisconsin. 
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given;  hence,  it  appears  from  this  preliminary  experiment,  that  as  regards 
total  acidity  the  chlorophylless  plants  do  not  behave  as  though  they  were 
etiolated. 

Another  similar  experiment  was  carried  out  in  which  the  different  seedlings 
were  grown  among  one  another  for  10  days  and  were  given  gitnilfty  envircMir- 
mental  conditions.  The  titrations  were  niade  on  10-cc  samples  of  juice  that 
had  been  centrifuged  10  minutes. 

The  results  of  the  determinations  are  given  as  curves  in  figure  10.  The 
curves  show  much  the  same  results  as  were  observed  in  a  preliminary  e]q>eii- 
ment,  and  given  in  figure  9. 


Fia  10. 
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Tops  or  Cosn  Seedlings 


Among  the  com  seedlings  a  number  of  the  white  tops  were  tinted  somewhat 
green.  As  expected,  their  pH  value  was  intermediate  between  that  obtained 
for  pure  white  and  for  green  tops.  The  actual  values  found  were  as  follows: 
green  \xsf(&  pH  »  5.52,  green-tinted  white  \xsp&  pH  »  5.85,  and  white  tops 
pH  -  6.16. 

EFTECT  OY  UGHT  AND  AGE  ON  THE  SEACnON  OF  THE  JUICE  OBTAINED 

FROM  PLANTS 

Com  seed  from  a  single  ear  that  produced  all  green  seedlings  was  planted 
June  3.  Half  of  the  seeded  area  was  covered  with  a  large  box  that  was 
covered  with  black  paper.  At  the  end  of  10  days  the  seedlings  with  green 
tops  were  5  inches  high,  whereas  the  greenish-yellow  \xsf(&  of  the  darkened 
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seedlings  were  9  inches  higlL  Some  of  the  com  seedlings  with  green  tops 
were  placed  in  a  subcellar  in  total  darkness  from  June  13  until  June  16. 
Determinations  were  made  of  the  actual  and  total  acidities  of  the  tops  of 
both  the  10-  and  13-day-old  plants,  respectively^  using  in  every  case  lO^cc. 
samjdes  of  juice  that  had  been  centrif uged  10  minutes. 

On  plotting  the  data  obtained  for  the  10-  and  13-day  com  seedling  tops 
(fig.  11),  it  is  found  that  the  total  acidity  of  the  juice  of  the  13-day  green  tops 
was  greater  than  that  of  the  10-day  green  tops  for  any  pH  taken  as  the 
end-point.  This  is  in  accord  with  the  results  of  Hempd  (11)  on  white  lupine 
seedlings  in  which  she  found  that  for  normal  seedlings  the  total  acidity  of  the 
juice  (taking  litmus  pH  »  6.81  and  phenolphthalein  pH  »  8.31  as  end- 


»  4  6  a      ^      Id  w 

Cubic  cenhmeten  ofaa6a4/)(  MtO/foMed 

FiG.  11.    CuxvEs  Showing  the  Actual  and  Total  Aodiiies  or  Gskbn  and  or 
Gseenish-Yellow  Tops  of  Corn  Seedlings 

points)  increased  with  the  increasing  age  of  the  seedlings.  Undoubtedly  the 
10-day  darkened  tops  must  have  received  very  famt  illumination^  for  other- 
wise the  tops  would  have  been  more  blanched. 

For  the  10-day  seedlings,  the  initial  actual  acidity  of  the  darkened  tops 
is  less  than  that  of  the  undarkened  tops.  The  curves  for  the  total  acidity 
of  the  juices  of  the  two  kinds  of  10-day-old  tops  lie  very  dose  to  one  another, 
but  show  to  a  less  marked  degree  the  same  results  as  the  13-day-old  tops. 
The  dose  approach  to  each  other  of  the  curves  for  the  10-day  tops  may  be 
the  result  of  an  insuffident  d^;ree  of  etiolation  or  may  be  due  to  the  young 
age  of  the  seedlings. 
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When  the  green  seedlings  were  permitted  to  remain  10  days  in  the  light 
and  part  were  then  placed  in  total  darkness  for  3  days,  it  is  found  as  before 
that  the  initial  actual  reaction  of  the  juice  of  the  tops  exposed  13  days  to  the 
light  was  greater  than  that  of  the  tops  exposed  10  days  to  the  light  and  3 
days  to  total  darkness.  The  total  acidity  of  the  juice  of  the  tops  darkened 
for  3  days  is  much  less  than  that  of  the  undarkened  tops. 

SUIOCAKY 

The  actual  and  total  acidities  and  alkali  reserve  of  a  number  of  agricultural 
plants  have  been  determined  for  certain  c(mditions  of  growth.  In  order  to 
ascertain  the  actual  reaction  of  minute  quantities  of  plant  juice,  a  hydrogen- 
electrode  vessel  has  been  used  that  gave  excellent  results  with  only  3  to  4 
drops  of  juice. 

The  reaction  of  the  juice  of  a  plant  appears  to  be  affected  by  changes  in 
illumination,  soil  solution,  age,  and  other  conditions,  indicating  that  the 
reaction  of  plant  juice  is  the  resultant  of  many  processes.  The  results  of 
preliminary  experiments  bearing  upon  some  of  these  factors  are  herein  reported. 

The  juice  of  buckwheat  seedlings  was  found  to  possess  an  actual  acidity 
of  pH  =  5.48  to  5.97,  whereas  in  the  mature  condition  a  reaction  of  pH  = 
4.82  was  reached.  It  appears  that  during  the  life  cycle  of  buckwheat  plants 
the  juice  may  undergo  a  marked  change  in  its  actual  reaction.  The  degree 
of  maturity  of  a  plant  seems  to  be  an  important  factor  in  the  degree  at  actual 
addity  attained.  Table  4  shows  that  the  actual  reaction  of  the  juice  of  many 
agricultural  plants  is  distinctly  acid. 

In  order  to  obtain  a  measure  of  the  buffer  action  of  plant  juice,  determi- 
nations have  been  made  of  the  acid  and  alkali  reserve  of  the  juice  of  certain 
plants.  The  alkali  reserve  of  the  roots  of  medium  red  clover  and  of  sweet 
clover  (fig.  8)  is  less  than  that  of  the  corresponding  tops.  The  acid  reserve 
of  Ae  roots  of  medium  red  clover  (fig.  4)  is  less  than  Hat  of  tie  leaves,  even 
though  the  actual  acidity  of  the  roots  is  greater  than  that  of  the  leaves.  The 
unique  case  of  a  single  plant  having  juice  with  a  markedly  alkaline  actual 
reaction  and  a  steep  gradient  in  actual  reaction  is  reported.  The  variations 
in  the  actual  reaction  of  plant  juice  in  the  various  portions  of  the  plant  have 
been  investigated. 

Although  the  determinations  of  the  total  acidity  (table  4)  have  been  too 
few  in  number,  those  reported,  together  with  further  observations  to  be 
presented  later,  indicate  the  existence  of  a  close  relation  between  the  actual 
and  the  total  acidity,  and  appear  to  show  that  the  total  acidity  tends  to 
fluctuate  in  the  same  direction  as  the  actual  acidity,  although  exceptions  may 
frequently  occur.  It  has  been  pointed  out  that  the  proportion  of  stems, 
leaves,  petioles,  etc.,  on  plants,  may  influence  the  values  obtained  for  the 
actual  and  the  total  acidities  of  the  juice.  The  juice  of  the  younger  portions 
of  a  plant  usually  has  a  lower  actual  acidity  than  the  older  portions. 
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The  total  acidity  of  the  juice  of  chlorophylless  (inheritable)  com  seedling 
tops  is  less  than  that  of  chlorophyllous  top>s  until  about  pH  =  8.6  is  passed, 
after  which  the  reverse  is  true.  The  actual  and  the  total  acidity  of  the  juice 
of  com  seedling  tops  increases  with  the  increasing  age  of  the  seedlings  and 
decreases  with  a  reduction  of  the  normal  illumination. 

There  is  considerable  experimental  data  in  favor  of  the  suggestion  of  Truog 
that  the  main  specific  harmful  influence  of  soil  acidity  on  certain  plants  is  due 
to  its  influence  in  preventing  the  plants  from  securing  rapidly  enough  the 
bases  that  are  needed  to  neutralize  and  precipitate  acids  within  the  plant. 
Further  experiments  under  controlled  conditions  wlQ  be  necessary  before  all 
the  factors  can  be  fully  understood. 
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FIELD  EXPERIMENTS  ON  THE  AVAILABILnY  OF  NITROGENOUS 
FERTILIZERS,  1908-19171 

J.  G.  LIPMAN  AND  A.  W.  BLAIR 

New  Jersey  Agriculttiral  Experiment  Station 
Received  for  pnbUntioa  Febnniy  Si,  IMO 

In  1908  fidd  experiments  were  started  for  the  purpose  of  studying  the 
relative  availability  of  different  nitrogenous  fertilizer  materials.  The  plan 
was  developed  somewhat  along  the  Ijnes  followed  for  the  cylinder  experiments 
which  had  been  started  ten  years  before. 

In  the  field  experiments  a  larger  number  of  nitrogenous  materials  was 
included  and  certain  other  variations  were  introduced.  Lime  was  used  on 
one  section  of  the  nitrogen-treated  plots;  another  section  of  the  plots  with 
parallel  nitrogen  treatment  was  left  without  lime.  The  plan  also  provided 
for  the  s^dy  of  denitrification  problems. 

Tlie  results  of  this  work  for  the  first  5  years  have  been  published  (2)  and  a 
brief  summary  of  the  second  5  years'  wo^k,  so  far  as  it  relates  to  the  lime 
treatment,  also  has  i4>peared  (1). 

PLAN  OP  THE  EXPERDCENT 

For  convenience  the  plan  of  the  es^iiment  may  be  briefly  restated. 

Tlie  plots  are  1/20  acre  in  size,  being  separated  by  a  4-foot  space,  with  a 
10-foot  roadway  squurating  the  two  sections.  The  soil  is  a  loajm  or  gravelly 
loam  and  had  not  been  under  cultivation  for  some  years  previous  to  1908. 

Twenty  of  the  plots  designated  as  lA  to  20A  have  received  no  lime  treats 
ment  during  the  ten  years  and  20  others  designated  as  IB  to  20B  received 
one  ton  of  ground  limestone  per  acre  just  before  planting  the  com  in  1908, 
and  a  second  application  of  2  tons  per  acre  preceding  the  com  crop  of  1913. 

Certain  plots  in  each  section  receive  no  fertilizer,  others  receive  one  dement 
only,  others  a  combination  of  the  two  elements — phosphorus  and  potassium 
— and  still  others  the  three  dementsr— nitrogen,  phosphorus  and  potassium. 

All  nitrogen-treated  plots  recdve  annuaUy  640  pounds  of  add  phosphate 
and  320  pounds  of  muriate  of  potash  per  acre.  These  are  rather  heavy 
i^yplications  but  they  are  made  in  this  way  so  that  a  defidency  of  these 
materials  may  nol  becoine  a  limiting  factor. 

Stable  manure  has  been  implied  to  certain  plots  at  the  rate  of  16  tons  per 
acre  annuaUy  and  one  plot  in  each  section  has  recdved  this  amount  of  manure 
in  addition  to  320  pounds  of  nitrate  of  soda.    One  plot  recdves  alfalfa  hay, 

^Tecfanka]'  Pftper  No.  1  of  the  New  Jersey  Agricultural  Experiment  SUtious,  Depart- 
ment of  Soil  Chemistry  and  Bacteriology. 
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cut  fine,  at  the  rate  of  2  tons  per  acre  and  another  r}re  straw  prepared  in  the 
same  way  and  at  the  same  rate  per  acre.  These  are  used  to  furnish  nitrpgen 
in  the  form  which  would  be  furnished  by  crop  residues  or  green  manures. 
The  latter  however,  cannot  be  grown  on  the  plots  where  they  are  used, 
since  the  growing  of  alfalfa  would  complicate  the  nitrogen-availability  studies. 
The  following  plan  gives  the  fertilizer  treatment  for  each  l/20sacre  plot 
in  the  two  sections: 


PLonnTHsn 


lA, 

IB 

2A, 

2B 

3A, 

3B 

4A, 

4B 

5A, 

SB 

6A, 

6B 

7A, 

7B 

8A, 

8B 

9A, 

9B 

lOA, 

lOB 

11  A, 

IIB 

12A, 

12B 

13A, 

13B 

14A, 

14B 

ISA, 

ISB 

16A, 

16B 

17A, 

17B 

18A, 

18B 

19A, 

19B 

20A, 

20B 

Nothing 

16  pounds  muriate  of  potash 
32  pounds  acid  {fto^hate 
^Minerals  only 

Minerals,  1600  pounds  cow  manure 
Minerals,  1600  pounds  horse  manure 
Nothing 

Minerals,  8  pounds  NaNOi 
Minerals,  16  poimds  NaNOk 
Minerals,  Ca(NOt)i  equivalent  to  16  pounds  NaNOs 
Minerals,  (NH4)»S04  equivalent  to  16  pounds  NaNOt 
Minerals,  CaCNs  equivalent  to  16  pounds  NaNOt 
Minerals,  dried  blood  equivalent  to  16  pounds  NaNOi 
Minerals,  fish  equivalent  to  16  pounds  NaNOk 
Minerals,  concentrated  tankage  equivalent  to  16  pounds  NaNOi 
Minerals,  200  pounds  alfalfa  hay 
Minerals,  200  pounds  wheat  or  rye  straw 
Minerab,  1600  pounds  cow  manure  and  16  pounds  NaNOt 
Minerals  only 
Minerals,  200  pounds  wheat  or  rye  straw  and  16  pounds  NaNOt 


*  Mineralsr-^2  pounds  acid  phosphate  and  16  pounds  mumte  of  potash 

Fertilizers  and  manures  are  applied  annually  about  the  time  of  seeding 
the  crops,  with  the  exception  that  in  the  case  of  fall-sown  crops,  one-fourth 
of  the  mineral  nitrogenous  fertilizer  is  ^)plied  at  the  time  of  seeding  and  three- 
fourths  as  a  top-dressing  the  following  spring. 

The  results  for  the  second  5-year  period  may  be  discussed  in  connection 
with  the  results  for  the  first  5  years  under  the  following  headings: 

(a)  Yields  of  dry  matter. 

(b)  Total  yield  of  nitrogen. 

(c)  Percentage  of  nitrogen  in  the  dry  matter. 

(d)  Percentage  of  nitrogen  recovered. 

(e)  Income  and  outgo  of  nitrogen. 
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YIELD  OF  DKY  ICATTER 

The  yidds  of  dry  matter — grain  and  straw  or  other  roughage — ^for  the  S 
years,  are  shown  in  table  1. 

It  will  be  noted  that  this  table  is  divided  into  two  sections;  the  first  con- 
stituting plots  lA  to  20A  (the  imlimed  section)  and  the  second  constituting 
plots  IB  to  20B  (the  limed  section).  The  results  are  reported  in  pounds  per 
acre. 

Plots  1  and  7  in  each  section  have  received  no  fertilizers.  Plots  2  and  3 
have  received  muriate  of  potash  and  add  phosphate,  respectivdy,  and  plots  4 
and  19  have  received  a  combination  of  the  two.  These  plots  (4  and  19), 
therefore,  constitute  the  checks,  having  received  the  minerals  the  same  as  the 
other  plots,  but  no  nitrogen. 

An  examination  of  the  table  shows  that  plot  1 A  has  produced  much  better 
crops  than  plot  7A  although  neither  recdves  any  fertilizer.  It  may  also  be 
pointed  out  in  this  connection,  that  plots  2A  and  3A  have  yidded  more  than 
the  average  shown  for  the  check  plots.  This,  taken  in  connection  with  the 
data  for  plot  7A,  seems  to  indicate  that  the  part  of  the  field  where  these  plots 
lie  is  better  than  the  remainder  of  the  section.  There  is  at  this  point  a  dight 
depresdon  and  no  doubt  these  plots  have  received  some  washings  from  the 
slightly  higher  points.  However,  so  far  as  the  nitrogenous  fertilizer  treat- 
ments are  concerned,  these  plots  may  be  eliminated  from  the  discusdon,  as 
may  also  plot  7. 

The  influence  of  the  nUrogenous  fertilisers 

The  maximum  yields  in  each  section  were  secured  on  plot  18  which  receives 
the  16  tons  of  manure  and  320  pounds  of  nitrate  of  soda  per  acre.  The 
yidds  from  this  plot  are  followed  dosely  by  plots  5,  6  and  20  in  the  two 
sections.  It  must  be  remembered,  however,  that  on  all  of  these  plots  ex- 
cesdve  amounts  of  nitrogen  have  been  used  and  it  does  not  necessarily  follow 
that  the  crops  which  they  have  yidded  have  been  the  most  profitable.  Indeed, 
in  a  number  of  cases,  the  excessive  amount  of  nitrogen  has  caused  lodging  of 
the  grain  so  that  there  was  much  loss  at  the  time  of  harvesting.  It  b  evident, 
also,  that  there  has  been  a  large  loss  of  nitrogen  from  the  soil  on  these  plots. 
These  points  will  be  further  discussed  under  the  subject  of  "Income  and 
Outgo  of  Nitrogen.*' 

Plot  8  in  each  section  receives  one-half  the  standard  nitrogen  application, 
and  it  will  be  noted  tiiat  the  total  }add  on  8A  is  distinctly  below  the  }add8 
from  plots  that  recdve  the  full  nitrogen  application.  The  total  yidd  on 
8B,  however,  does  not  fall  very  much  behind  the  total  for  those  plots  that 
recdve  the  full  nitrogen  application.  It  would  appear  that  for  the  crops 
grown  the  i6o-poimd  application  is  not  quite  suffident  for  a  maximum  yidd. 

The  full  application  of  nitrate  of  soda  on  plot  9A  gave  a  total  grain  yidd  of 
4065  pounds  as  against  3410  pounds  for  nitrate  of  lime,  3380  pounds  for 
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sulfate  of  ammonia  and  3670  pounds  for  calcium  cyanamid.  The  full  appli- 
cation of  nitrate  on  9B,  on  the  other  hand,  gave  a  total  yield  of  3555  pounds 
of  grain  as  against  4515  poxmds  for  calcium  nitrate,  4650  pounds  for  am- 
monium sulfate  and  4125  pounds  for  calcium  cyanamid. 

Seven  of  the  plots  9  to  15,  inclusive,  in  each  section  receive  equivalent 
amounts  of  nitrogen  and  it  is  of  interest  to  compare  the  average  yields 
from  these  plots  with  the  average  from  the  two  check  plots.  These  figures 
are  shown  in  table  2. 

In  all  cases  the  nitrogen-treated  plots  show  a  substantial  increase  over  the 
check  plots.  In  most  cases  this  increase  amounts  to  more  than  50  per  cent, 
which  means  that  the  outlay  for  nitrogen  has  proven  a  good  investment  It 
is  quite  possible,  however,  that  had  the  application  of  nitrate  been  less  than 
320  pounds — 200  or  250  pounds  per  acre — the  increase  in  yield  might  have 
been  as  great,  which  would  have  meant  a  larger  profit  than  was  obtained 
with  the  320  pounds. 

TABLE  2 
Average  yield  of  dry  matier-^heck  plots  compared  with  nitrogen-treated  plots 


inCBtUCIlOK 

1908-1912 

1913-1917 

1908-1912 

1913-1917 

^^    ,  /Grain 

lbs. 

4,544.4 
9,044.8 

5,831.2 
14,179.4 

lbs. 

2,147.5 
6,057.5 

3,560.7 
11,328.0 

lbs. 

3.907  5 
•8,818.7 

6,248.9 
14.275.6 

lbs. 
2,457.5 

Check  <e* 

\Straw,  etc 

7.440.0 

_,    ,       /Grain 

4,147  1 

Seven  nitrogen  treated  plots  <  „ 

12,411  4 

It  will  be  noted  that  the  average  yields  for  the  second  5-year  period  are  less 
in  all  cases  than  those  for  the  first  5-year  period.  This  is  partly  due  to  the 
fact  that  a  residual  crop  of  com  was  grown  after  the  oat  crop  of  1909.  Such 
residual  crop  was  not  grown  in  the  second  5-year  period. 

Four  of  the  seven  plots  referred  to  above  receive  mineral  nitrogenous 
materials  and  three  receive  organic  materials  in  equivalent  amounts.  We 
may,  therefore,  compare  the  yields  obtained  from  plots  receiving  the  organic 
materials  with  those  from  plots  receiving  the  mineral  materials.  This  com- 
parison is  made  for  both  sections  and  for  the  two  5-year  periods  in  table  3, 
the  figiures  being  the  average  for  three  plots  in  one  case  and  for  four  in  the 
other. 

An  examination  of  this  table  shows  that  in  all  cases,  the  yields  of  both 
grain  and  straw,  stover,  etc.,  are  larger  where  the  mineral  nitrogenous  materials 
were  used  than  with  the  organic  materials.  This  is  in  agreement  with  results 
obtained  in  cylinder  experiments,  reference  to  which  has  already  been  made. 

It  has  been  thought  by  some,  that  the  residual  effect  of  organic  materials 
would  outweigh  the  quicker  effect  of  readily  soluble  materials.    It  does  not 
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appear  to  be  so.  The  readily  soluble  materials  give  the  plant  a  good  start 
at  a  time  when  the  nitrification  of  organic  matter  is  slow  and  this  good  start 
apparently  keeps  the  plant  in  the  lead  to  the  end.  With  such  a  start,  it  is 
better  able  to  use  soil  moisture  and  the  natural  plant-food  than  is  the  plant 
which  gets  a  slower  start.  Furthermore,  it  is  very  probable  that  during  the 
time  required  for  the  transformation  of  the  organic  nitrogen  into  available 
plant-food  the  loss  from  this  is  greater  than  the  loss  by  leaching  from  the 
mineral  compounds. 

Whatever  reason  may  be  assigned  for  the  difference,  it  is  very  evident  that 
a  pound  of  nitrogen  from  the  mineral  materials  is  more  efficient  than  a  pound 
from  the  organic  materials.  This  statement  is  made  on  the  basis  of  results 
secured  during  ten  years  of  field  es^riments  and  twenty  years  of  cylinder 
experiments. 


TABLE  3 
Average  yiM  of  dry  maUer — mineral  and  organic  myogenous  materials  compared 

UMUMSD  sscnov 

TJHTP  MBLTIOW 

1908-1913 

1913-1917 

1908-1912 

1913-1917 

.  .    fGrain 

Ihs. 

6,002.5 
14,686.4 

5,602.9 
13,503.4 

Ihs, 

3,631.2 
11,715.0 

3,466.7 
10,812.0 

lbs, 

6,379.6 
15,534.6 

6,074.5 
12,596.8 

Ihs. 
4,211.2 

Average  four  mineral  materials  < « 
Average  three  organic  materials  < «        "   ' 

13,280.0 

4,061.7 
11,253.3 

The  yields  from  plots  16  and  17  are  of  interest.  It  will  be  recalled  that 
plot  16  received  alfalfa  hay  (cut  fine)  at  the  rate  of  2  tons  per  acre  and  plot  17 
rye  straw  prepared  in  the  same  way  and  applied  at  the  same  rate  per  acre. 
Naturally,  a  given  amount  of  alfalfa  furnishes  more  nitrogen  than  an  equal 
amount  of  the  straw,  and  furthermore,  it  is  in  a  more  available  form.  It  is 
not  surprising  therefore,  to  find  the  yields  from  16A  considerably  larger  than 
those  from  17A.  In  an  acid  soil,  the  straw  decomposes  very  slowly  and 
therefore  yields  very  little  available  nitrogen. 

On  the  other  hand,  the  5-year  yield  from  17B  is  larger  than  the  yield  from 
16B.  This  is  probably  due  to  the  fact  that  for  five  or  six  years  volunteer 
clover  and  vetch  have  been  coming  into  17B.  The  lime  and  minerals  which 
are  applied  on  this  plot  make  the  conditions  favorable  for  the  legumes  and  as 
a  result,  the  latter  flourish  at  the  expense  of  grass  and  grain.  On  16B  the 
alfalfa  hay  on  a  well  limed  soil  furnishes  enough  available  nitrogen  to  en- 
courage the  growth  of  the  grass  and  grain  crops  to  the  exclusion  of  volunteer 
legumes. 
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The  lime  fackfr 

This  phase  of  the  question  has  been  fully  discussed  in  an  earlier  paper  (2); 
and  only  a  brief  reference  need  be  made  to  it  here.  If  the  averages  for  the 
two  sections  (limed  and  unlimed)  are  examined,  it  will  be  noted  that  the  com 
crop  of  1913  shows  some  increase  from  thelime  treatment  The  other  crops  m 
the.  rotation  show  little  or  no  response  to  Ibne.  The  total  yidds  for  the  5 
yeurs  for  the  Inned  secti^ri  are  only  a  few  hundred  pounds  in  excess  of  the 
total  for  the  unUmed  section. 

These  figures^  taken, in  conjunction  with  ^trogen  detenainatibns  made  oil 
sanqdes  of  soil  from  bot]^ sections,  indicate  that  there iias  been  agreater km 
of  ]lil3X)gen  from  the  Umed  than  from  the  imlimed  plots.  Or  to  express  tbe 
thotight  in  another  way,  the  add  condition  of  the  unffined  ptots  has  tmded 
to  conserve  the  nitrogen  suj^ly  of  the  soil.  ^  It  would  thus  Bppcst^  that  for 
soils  where  oxidation  of  the  organic  matter  goes  on  rather  rapidly,  the  stimu- 
lating effect  of -lime  is  not  required  in  the  growing  of  non-leguminous^repft. 

TOTAL  YIELD  OF  NIIKOGEN 

The  total  yield  of  nhrc^gen  for  the  two  sections  is  shown  in  taUe  4. 

In  general,  the  plots  that  yielded  the  largest  amounts  of  dry  matter  also 
yielded  the  largest  amounts  of  total  nitro^.  The  lowest  total  yield  tor 
the  unlimed  section  was  43.2  pounds  per  acre,  from  7A  and  the  hij^est  yield 
for  this  section  was  255.3  pounds  per  acre  from  plot  ISA.  The  lowest  yield 
from  the  limed  section  was  79.8  pounds  from  plot  IB  and  the  highest  2(i3 J 
pounds  from  18B. 

The  average  asmual  yield  for  all  the  unlimed  plots  was  28.3  pounds  per 
acre  and  for  all  the  limed  plots  31.1  pounds  per  acre.  The  average  annual 
yield  for  ISA  was  51.1  pounds  per  acre  and  for  18B  52.7  pounds. 

Remembering  that  these  two  plots  receive  between  200  and  225  pounds  of 
nitrogen  per  acre  annually,  wesee  from  the  above  figures  that  only  about  25 
per  omt  of  the  applied  nitrogen  is  recovered  in  the  crop. 

A  comparison  of  the  total  amount  of  nitrogen  recovered  in  the  crops  from 
the  seven  plots  which  receive  equivalent  amounts  of  nitrogen  is  of  interest. 
These  figures  for  both  the  limed  and  the  unlimed  sections  ai:e  shown  in  table  5. 

In  each  section  the  com  and  wheat  have  drawn  most  heavily  upon  the 
nitrogen.  The  oat  crop  was  unusuaBy  small  and  therefore  the  amount  of  nitro* 
gen  recovered  in  this  crop  is  low.  The  nitrogen  taken  out  by  die  timothy  varies 
from  about  23  to  30  pounds  per  acre  annually.  The  com  crop  on  seeticm  B 
removed  on  an  average  57.9  pounds  of  nitrogen  per  acre  which  is  almost  as 
much  as  is  contained  in  400  pounds  of  nitrate  of  soda.  For  the  unlimed  sec* 
tion,  the  seven  plots  which  receive  equivalent  amounts  of  nitrogen  show  an 
average  total  of  149.6  pounds  per  acre  of  nitrogen  removed  by  the  five  crops. 
The  average  total  amount  removed  by  the  crops  on  the  corre^>onding  plots 
of  the  limed  section  is  170.2  pounds  per  acre. 
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Here  is  shown  a  total  gain  of  about  20  pounds  in  favor  of  the  limed  plots. 
However,  reference  to  the  figures  for  the  com  crop  of  1913  show  that  the  gain 
was  practically  all  made  by  this  crop. 

TABLES 
Ta$d  yUidsafniirogmfrom  plots  which  receive  nUrogenous  fertOkers  in  eiuhaUtU  amamUs 


wunwnaaoL 

OOUI 
1913 

OAXS 

1914 

WMIAT 
1915 

Tonom 
1916 

"SJT 

TQtAL 

9A 

38.7 
36.9 
34.1 
35.0 
34.9 
44.6 
45.7 

28.6 
24.6 
32.3 
26.5 
20.4 
18.6 
16.0 

45.4 
41  0 
42.2 
39.2 
38.8 
38.6 
32.1 

lb*. 
26.2 
25.6     . 
25.8 
23.1 
26.3 
14.0 
22.9 

28.3 
Z7.8 
19.9 
.    22,4 
20.6 
28.3 
21.9 

Iks. 
167  2 

iOA.... ,.. 

155  9 

UA.. 

12A 

154.3 
146  2 

l^A 

141  0 

14A 

144  1 

15A 

138  6 

Aycngv 

38.56 

23.86 

39.6 

23,4 

24.17 

149.6 

9B 

53.6 
56.5 
63.4 
56.8 
56.9 
54.8 
63.6 

18.6 
24.9 
24.7 
21.5 
24.6 
21.2 
22.8 

34.1 

42A    - 

44.5 

38.0 

35.7 

33.5 

27.6 

28.6 
32.9 
33.9 
34.2 
28.4 
28,2 
27.2 

23.8 
26.0 
26.8 
21.9 
19.9 

2a.o 

19.7 

158  7 

lOB 

182.7 

IIB 

193.3 

12B..... 

172.4 

13B 

165.5 

14B 

157.7 

15B.....*, 

160.9 

Average 

57.9 

22.6 

36.5 

30.5 

22.6 

170.2 

The  last  column  of  figures  in  table  5  shows  that  the  average  amount  of 
mtrogesi  recovered  frcnn  the  four  plots  (9  to  12)  which  receive  mineral  nit- 
rogenous materials  exceeds  the  average  amount  recovered  frcxn  the  three 
plots  (13  to  15)  which  receive  organic  nitrogenous  materials. 

The 5>year  averages  are  as  follows: 


««-» 

Hats  9  to  12 , 

JBx. 
155.9 
141.2 

Ar. 
176.8 

Plots  13  to  15 

161.3 

This  is  in  accord  with  the  figures  reported  in  the  yield  of  dry  matter  and 
gives  farther  evidence  that  the  mineral  nitrogenous  materials  are  more 
efficient  in  crop  production  than  the  organic  materials. 

THE  PERCENTAGE  OP  NITRQGEN  IK  THE  DEY  liATTEE 

The  percentage  of  nitrogen  in  the  dry  matter  of  all  the  crops  for  both  the 
limed  and  the  unlimed  sections  is  shown  in  table  6. 

For  a  given  crcq[>  these  percentages  do  not  vary  greatly,  and  they  are  there- 
fore not  of  so  much  importance  as  the  total  nitrogen,  but  it  seems  best  that 
they  should  constitute  a  part  of  the  record. 
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TABLE  6 
Percentage  of  nitrogen  in  dry  matter,  1913-1917 


COKN. 1913 

OATS 

1914 

WHEAT,  1915 

TXMOIHTHAY 

AVm- 

Grain 

Stalks 

Coba 

Grain 

Straw 

Grain 

Straw 

1916 

1917 

AGK 

lA 

percent 
1.522 
1.413 
1.462 
1.364 
1.590 
1.492 
1.521 
1.373 
1.541 
1.550 
1.521 
1.344 
1.482 
1.680 
1.492 
1.729 
1.640 
1.690 
1.413 
1.680 

percent 
1M26 
0.720 
0.830 
0.781 
0.828 
0.860 
0,809 
0.611 
0.631 
1.006 
0.819 
0.710 
0.720 
0.740 
0.828 
1.184 
0.740 
0.917 
0.612 
0.907 

0.573 
0.553 
0.741 
0.405 
0.415 
0.366 
0.711 
0.435 
0.543 
0.583 
0.484 
0.484 
0.534 
0.484 
0.425 
0.445 
0.731 
0.395 
0.701 
0.573 

percent 
2.015 
1.935 
1.943 
2.015 
2.389 
2.460 
1.836 
2.149 
2.425 
2.273 
2.336 
2.282 
2.051 
2.238 
2.273 
2.461 
2.086 
2.452 
2.006 
2.273 

percent 
0.749 
0.731 

0.678 
0.597 
0.909 
1.105 
0.767 
0.785 
0.972 
0.874 
0.972 
0.847 
0.767 
0.838 
0.945 
0.990 
0.758 
0.998 
0.678 
0.918 

percent 
2.057 

2.076 
2.076 
2.017 
1.938 
2.097 
2.087 
1.780 
1.966 
1.987 
2.342 
2.097 
2,017 
1.849 
1.987 
2.114 
2.174 
2.263 
2.114 
2.124 

percent 
0.354 
0.413 
0.315 
0.384 
0.433 
0.463 
0.374 
0.345 
0.443 
0.433 
0.679 
0.404 
0.472 
0.462 
0.413 
0.374 
0.433 
0.473 
0.384 
0.541 

perunt 
0.912 
1.031 
0.949 
0.939 
0.757 
0.821 
1.021 
0.730 
0.675 
0.693 

1.094* 
0.876 
0.939 
0.857 
0.939 
0.848 
0.876 
0.857 
0.866 
0.812 

perceni 
0.965 
1.024 
0.916 
0.945 
0.778 
0.808 
0.936 
0.729 
0.729 
0.689 
1.034 
0.896 
0.857 
0.778 
0.867 
0.817 
0.906 
0.995 
0.975 
0.729 

peremU 
1.141 

2A 

1.099 

3A 

1.101 

4A 

1.049 

5A 

1.114 

6A 

1.163 

7A 

1.118 

8A 

0.993 

9A 

1.102 

lOA 

1.121 

IIA 

1.253 

12A 

1.104 

13A 

1.093 

14A 

1.103 

15A 

1.130 

16A 

1.218 

17A 

1.149 

18A 

1.227 

19A 

1.083 

20A 

1.173 

Average 

1.525 

0.819 

0.529 

2.195 

0.844 

2.008 

0.430 

0.875 

0.869 

1.127 

IB 

1.600 
1.462 
1.590 
1.413 
1.620 
1.630 
1.600 
1.541 
1.600 
1.531 
1.482 
1.581 
1.541 
1.541 
1.571 
1.610 
1.719 
1.590 
1.334 
1.699 

0.898 
1,026 
0.957 
0.789 
0.947 
0.967 
1.016 
0.996 
0.878 
0.710 
0.878 
0.711 
0.781 
0.701 
1.045 
1.164 
1.026 
0.967 
0.631 
0.986 

0.464 
0.524 
0.543 
0.445 
0.415 
0.504 
0.415 
0.494 
0.514 
0.405 
0.445 
0.425 
0.454 
0.415 
0.385 
0.425 
0.514 
0.425 
0.534 
0.435 

0.459 

2.122 
2.051 
2.113 
2.024 
lost 
2.291 
1.792 
2.264 
2.416 
2.408 
2.389 
2.291 
2.380 
2.336 
2.398 
2.469 
2.042 
2.496 
2.068 
2.362 

0.811 
0.722 
0.856 
0.713 
lost 
0.972 
0.660 
0.802 
1.052 
0.998 
1.016 
0.963 
0.963 
0.838 
1.052 
1.043 
0.678 
1.016 
0.678 
0.918 

1.978 
2.087 
2.128 
2.157 
2.001 
2.360 
2.069 
1.904 
2.040 
2.030 
2.080 
2.070 
2.040 
2.099 
2.021 
2.186 
2.167 
2.350 
1.933 
2.167 

0.384 
0.344 
0.354 
0.374 
0.394 
0.462 
0.482 
0.394 
0.423 
0.364 
0.453 
0.354 
0.334 
0.374 
0.334 
0.344 
0.413 
0.354 
0.305 
0.413 

1.040 
1.067 
1.049 
0.866 
0.949 
1.049 
1.012 
0.803 
0.821 
0.784 
0.830 
0.976 
0.830 
0.939 
0.894 
0.848 
0.876 
0.912 
0.976 
0.803 

0.945 
0.955 
0.876 
0.867 
0.827 
0.896 
0.867 
0.788 
0.778 
0.748 
0.758 
0.995 
0.886 
0.936 
0.896 
0.906 
1.152 
1.014 
1.162 
0.837 

1.138 

2B 

1.138 

3B 

1.163 

4B 

1.072 

5B 

1.022 

6B 

1.237 

7B 

1.101 

8B 

1.109 

9B 

1.169 

lOB 

1.109 

IIB 

1.148 

12B 

1.152 

13B 

1.134 

14B 

1.131 

15B 

1.177 

16B 

1.222 

17B 

1.176 

18B 

1.236 

19B 

1.069 

20B 

1.180 

Average 

1.512 

0.904 

2.248 

0.882 

2.093 

0.383 

0.916 

0.904 

1.144 

*  A  second  growth — ^largely  crab-grass — gave  0.94  per  cent  nitrogen. 
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It  may  be  noted  in  passing  that  the  com  grain  contains  about  1.5  per  cent 
of  nitrogen,  the  oats  and  wheat  grain  a  little  over  2  per  cent  and  the  timothy 
hay  about  0.9  per  cent.  The  oats  straw  contains  about  twice  as  much 
nitrogen  as  the  wheat  straw. 

Attention  may  be  called  to  the  rather  high  average  percentage  for  plots 
11  A,  16A,  16B,  18A  and  18B.  The  condition  of  the- soil  on  11 A  is  abnormal 
and  this  no  doubt  accounts  for  the  high  percentage  of  nitrogen  in  the  crop 
from  this  plot.  It  has  sometimes  been  observed  that  a  soil  very  deficient 
in  nitrogen  produces  a  small  crop  having  an  exceptionally  high  nitrogen 
content.  The  other  plots  mentioned  receive  rather  heavy  applications  of 
nitrogenous  fertilizers,  and  this  excess  of  nitrogen  has  influenced  the  nitrogen 
content  of  the  crop. 

It  is  well  known,  for  example,  that  in  pot  experiments  the  normal  nitrogen 
content  of  the  plant  may  be  more  than  doubled  by  heavy  applications  of 
nitrate  of  soda.  It  has  also  been  found  that  the  nitrogen  content  of  legumin- 
ous plants  grown  on  limed  land  is  generally  higher  than  that  of  the  same 
plants  grown  on  land  that  is  deficient  in  lime. 

It  will  be  observed  that  there  is  littie  difference  between  the  nitrogen 
content  of  the  crops  of  this  rotation  (non-legumes)  whether  grown  on  the 
limed  or  the  unlimed  section. 

THE  PERCENTAGE  OF  NITROGEN  RECOVERED 

The  check  plot  is  supposed  to  show  the  amount  of  nitrogen  which  the  crop 
gets  from  the  natural  supply  of  nitrogen  that  is  found  in  the  soil.  Then  the 
difference  between  this  amount  and  the  amount  recovered  through  the  crop 
receiving  a  nitrogenous  fertilizer  should  show  the  amount  of  the  applied 
nitrogen  which  that  crop  was  able  to  win  back,  or  recover.  From  this  figure 
the  percentage  of  applied  nitrogen  may  be  calculated. 

The  percentage  recovery  for  the  various  nitrogenous  materials  has  been 
thus  calculated  for  the  5-year  period  and  is  shown  in  table  7. 

Attention  may  be  drawn  to  the  low  average  recovery  from  plots  5, 6  and  18. 
All  these  plots  receive  annual  applications  of  manure  at  the  rate  of  16  tons 
per  acre  and  in  addition  plot  18  receives  320  pounds  of  nitrate  of  soda  per 
acre.  Less  than  one-sixth  of  the  applied  nitrogen  is  won  back  in  the  crops. 
There  is,  therefore,  a  heavy  loss  of  nitrogen  from  these  plots.  No  doubt 
much  of  this  loss  is  due  to  the  escaping  of  nitrogen  gas  and  anmionia  while 
decomposition  is  taking  place.  So  far,  no  direct  means  has  been  found  of 
measuring  such  losses. 

Anal3rsis  shows  that  these  soils  have  made  slight  gains  in  nitrogen  content 
since  the  work  was  started  in  1908.  But  as  Russell  (3)  points  out,  such  gains 
•cannot  go  on  indefinitely.  There  comes  a  time,  he  says,  when  "a  point  of 
equilibrium  is  reached,  higher  or  lower  according  to  the  soil  conditions,  where 
further  gains  are  balanced  by  losses,  so  that  the  nitrogen  content  remains 
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constant/'  It  would  appear  from  the  heavy  loss  sustained  by  these  pbts 
that  the  point  of  equilibrium  has  been  reached  and  that  the  gains  are  bal- 
anced by  the  losses.  The  fact  that  these  plots  are  receiving  excessive  amounts 
of  nitrogen  is  attested  by  the  serious  lodging  of  the  grain. 

TABLE  7 
Percentage  of  tUtrogen  recovered  in  the  different  crops 


cour,  1913 

OAXS,  1914 

WHKAT.  1915 

Tmonn  hat 

S-YKAM. 

1916 

1917 

5A 

20.38 
17.72 

L088 

34.39 
30.63 
25.01 
26.80 
26.53 
46.39 
48.61 
28.70 
12.45 
22.94 
17.07 

7.98 

7.54 
15.72 
19.62 
11.52 
26.88 
15.31 

3.15 
Loss 
Loss 

4.57 
Loss 

5.05 
11.02 

18.25 
17.53 
15.87 
48.34 
39.58 
42.00 
35.97 
35.30 
34.88 
21.87 
19.70 
2.71 
25.19 
35.74 

11.22 
18.77 
20.91 
25.77 
24.65 
24.91 
19.52 
25.98 
22.00 
19.07 
14.41 
35.50 
11.70 
30.25 

15.24 
19.25 
29.22 
42.07 
41.14 
24.61 
29.88 
26.09 
42.14 
28.75 
20.79 
13.60 
14.87 
27.30 

P§reemi 
14.61 

6A 

16.16 

8A 

16.34 

9A 

34.04 

lOA 

29.50 

IIA 

28.68 

12A 

25.50 

13A 

23.41 

14A 

29.08 

15A 

23.66 

16A 

17.63 

17A 

12.85 

18A 

15.95 

20A 

24.28 

Average 

25.54 

9.17 

28,07 

21.76 

26.78 

22.26 

5B 

15.64 
4.11 
71.98 
35.97 
41.88 
55.94 
42.55 
42.61 
38.38 
56.41 
20.99 
39.69 
17.14 
23.36 

Saii4>lelo8t 

5.02 
42.28 
11.16 
23.81 
23.41 
16.91 
23.49 
16.31 
19.46 

8.66 
13.67 
10.45 
28.21 

14.55 
17.49 
33.66 
30.73 
47.44 
51.59 
38.57 
34.02 
29.57 
17.81 
18.58 
34.11 
24.91 
41.59 

8.67 
13.05 
21.81 
22.87 
31.57 
33.47 
34.09 
22.30 
21.85 
19.89 
10.01 
39.65 

9.81 
24.51 

12.49 
14.79 
25.74 
29.53 
34.12 
35.78 
25.56 
21.33 
21.71 
21.05 
19.33 
68.70 
16.04 
28.84 

12.84* 

6B 

10.89 

8B 

39.09 

9B 

26.05 

lOB 

35.76 

UB 

40.04 

12B 

31.53 

13B 

28.75 

14B 

25.56 

15B 

26.92 

16B 

15.51 

17B 

39.16 

18B 

15.67 

20B 

29.30 

Avenge 

36.19 

18.68 

31.04 

22.40 

26.80 

26.93 

*  12.84  Is  4-year  average. 

Note— Plots  1,  2,  3,  4,  7,  and  19  received  no  nitrogen. 

It  is  of  interest  to  compare  the  percentage  of  nitrogen  recovered  from  the 
four  mineral  nitrogenous  plots  with  the  recoveiy  from  the  three  plots  lAddt 
receive  organic  materials.  The  averages  for  these  {dots  for  the  two  S-year 
periods  and  for  the  limed  and  the  unlimed  section  are  shown  in  table  8. 
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Throughout  the  10  years  and  for  both  sections  the  mineral  materials  have 
given  the  highest  percentage  recovery. 

The  differences  are  not  so  great,  however,  for  the  second  5-year  period  as 
for  the  first.  This  may  mean  some  cumulative  effect  from  the  organic 
materials,  but  in  the  cylinder  experiments  referred  to  such  cumulative  effect, 
if  it  exists,  has  not  brought  the  recovery  from  an  organic  material  up  to  the 
level  of  the  mineral  materials  during  a  period  of  20  years. 

It  may  be  pointed  out  that  during  the  second  5-year  period  only  plots 
lOB  and  IIB  of  the  seven  under  consideration  show  a  recovery  of  more  than 
one-third  of  the  applied  nitrogen. 

It  is  exceedingly  unfortunate  that  so  much  of  this  most  expensive  element 
must  be  lost.  The  situation  should  stimulate  soil  investigators  everywhere 
to  put  forth  efforts  to  find  a  means  of  stopping  some  of  this  loss.  Further- 
more it  should  be  a  warning  to  the  farmer  to  secure  a  greater  proportion  of 
his  nitrogen  from  the  atmosphere  through  means  of  leguminous  crops.  If 
he  must  lose  two-thirds  or  more  of  his  purchased  nitrogen  then  it  will  be 
economy  to  purchase  only  such  amounts  as  can  be  used  most  effectively. 

TABLE  8 
Ftf  ceiU  of  nitr&gen  recaoered  from  mineral  nUrogenous  materials  as  compared  mlh  or  game 


Average,  4  mineral  materiab. 
Average,  3  oiganic  materiab. 


190S-1912 


P§reemi 
40.1 
27.3 


1911-1917 


P§r.c§mt 
29.4 
23.5 


190»-1912 


48.5 
28.5 


1913-1917 


33.3 
27.1 


Indeed  it  has  been  shown  that  the  percentage  recovery  is  generally  higher 
with  small  than  with  large  applications.  Thus  small  24>plications  supide- 
mented  by  the  nitrogen  secured  through  legumes  will  enable  the  farmer  to 
get  better  results  and  with  less  cash  outlay. 

An  examination  of  the  table  shows  that  less  nitrogen  has  been  recovered 
from  5B,  6B  and  18B  than  from  the  corresponding  A  plots.  This  means 
that  on  these  plots  available  nitrogen  is  not  the  limiting  factor.  Here  nitri- 
fication takes  place  rapidly  enough  without  the  stimulating  effect  of  carbonate 
of  lime.    Lime  simply  adds  fuel  to  the  fires  of  destruction. 

Plot  8A  gives  a  5-year  average  return  of  16.34  per  cent,  whereas  8B,  the 
corresponding  limed  plot,  shows  a  recovery  of  39.09  per  cent  This  emphasizes 
the  value  of  a  small  amount  of  available  nitrogen  when  lime  is  supplied.  On 
the  unlimed  section  nitrate  of  soda  (plot  9A)  shows  a  higher  average  recovery 
th^n  either  ammonium  sulfate,  calcium  nitrate  or  calcium  cyanamid,  but  on 
the  limed  section  all  these  show  a  higher  recovery  than  the  nitrate. 

A  5-year  average  recovery  of  40  per  cent  for  1  IB  (the  highest  5-year  average) 
gives  evidence  of  the  value  of  lime  in  promoting  nitrification  in  a  soil  that 
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would  Otherwise  have  been  made  acid  by  the  continued  use  of  sulfate  of 
ammonia.  In  contrast  11 A  which  is  the  unlimed  sulfate  of  ammonia  plot, 
shows  a  recovery  of  28.68  per  cent. 

Plot  17B,  which  receives  its  nitrogen  in  the  form  of  rye  straw  (a  slowly 
available  material)  and  is  limed,  shows  a  recovery  of  39.16  per  cent  as  against 
a  recovery  of  12.85  per  cent  for  17A,  the  corresponding  unlimed  plot. 

The  seven  unlimed  plots  (9A  to  ISA)  which  receive  equivalent  amounts  of 
nitrogen,  show  a  S-year  average  recovery  of  27.7  per  cent  as  against  30.7 
per  cent  for  the  corresponding  limed  plots,  a  difference  of  3  per  cent  in  favor 
of  the  latter. 

THE  INCOME  AND  OUTGO  OF  NITROGEN 

This  question  has  been  partially  covered  by  the  discussion  under  "Per- 
centage of  Nitrogen  Recovered."  It  seems  worth  while,  however,  to  record 
here  the  amount  of  nitrogen  applied  each  year  and  the  total  amount  recovered 
in  the  crops  for  the  5  years.  These  figures,  on  the  acre  basis,  are  shown  in 
table  9. 

It  may  be  noted  that  plots  5,  6  and  18  receive  much  larger  applications  of 
nitrogen  than  plots  9  to  15,  inclusive.  Plot  18  received  during  the  5  years 
nitrogen  equivalent  to  1081.6  pounds  per  acre,  which  is  more  than  four  times 
the  standard  application.  The  percentage  of  nitrogen  recovered  from  this 
plot  has  already  been  discussed. 

The  variations  in  the  amoimt  of  nitrogen  furnished  by  the  rye-straw,  plot 
17,  are  probably  due  to  the  fact  that  in  some  cases  more  grain  was  left  in  the 
straw  than  in  others. 

Through  an  oversight  the  alfalfa  hay  and  rye  straw  used  on  plots  16  and  17 
in  1916  were  not  analyzed.  It  was  therefore  necessary  to  estimate  the  amount 
of  nitrogen  in  these  materials. 

The  percentage  of  the  applied  nitrogen  that  was  recovered  in  the  crop  is 
shown  in  the  last  column  of  the  table.  These  figures  should  correspond 
with  the  figures  given  in  table  7,  but  on  account  of  slight  differences  in  decimals 
and  irregularities  in  two  or  three  of  the  series,  there  are  some  variations. 

A  study  of  the  income  and  outgo  of  nitrogen  would  not  be  complete  without 
a  consideration  of  the  nitrogen  content  of  the  soil.  Unfortunately  sam^des 
from  only  a  few  of  the  plots  were  analyzed  when  the  work  was  started;  how- 
ever, these  analyses  may  be  taken  as  a  fair  average  of  the  nitrogen  content 
of  the  soil  at  that  time.  Analyses  made  in  1909  of  samples  frcxn  five  of  the 
plots  show  an  average  nitrogen  content  of  0.1118  per  cent  and  a  carbon  con- 
tent of  1.22  per  cent.  Samples  were  collected  from  all  the  plots  at  the  end 
of  the  first  5-year  period  and  again  at  the  end  of  the  second  5-year  period 
(1917),  and  nitrogen  and  carbon  determinations  have  been  made  on  all  these 
samples,  the  results  of  which  are  reported  in  table  10. 
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TABLE  9 

NUrogen  applied  for  each  crap  (acre  basis)  and  the  average  percentage  of  nitrogen  recovered 


mnooKir 

APniBO, 

1913 

HITBOOEN 

APnUD, 

1914 

NRIOGEN 

APnZBD, 

1915 

wlxKiOOEy 
AiniSD, 

1916 

NITBOGXN 
AtVUMD, 

mi 

TOTAL 
AnUXD, 

TOTAL 

MITKOOKN 

I1SCX>V- 

nwn 
IN  CROPS 

TOTAL 

DTCSKASX 

OVER 

CHBCK 

AVEXAOB 

AOKOV 

MmOOXM 

UOOT- 

lA 

lbs. 

173.5 
215.8 

24.5 
49.0 
49.0 
49.0 
49.0 
49.0 
49.0 
49.0 

147.3 
92.1 

222.5 

141.1 

lbs, 

169.0 
227.2 

25.0 
50.1 
50.1 
50.1 
50.1 
50.1 
50.1 
50.1 

100.2 
15.4 

219.1 

65.5 

lbs, 

152.3 

203.5 

25.0 
50.1 
50.1 
50.1 
50.1 
50.1 
50.1 
50.1 

102.0 
34.7 

202.5 

84.8 

lbs. 

159.7 
129.7 

24.5 
49.0 
49.0 
49.0 
49.0 
49.0 
49.0 
49.0 

lOO.O* 
20.0* 

208.6 

69.0 

lbs. 

180.5 

147.5 

24.1 
48.3 
48.3 
48.3 
48.3 
48.3 
48.3 
48.3 
96.9 
40.1 
228.9 

89.4 

lbs, 

835.0 
923.7 

123.1 
246.5 
246.5 
246.5 
246.5 
246.5 
246.5 
246.5 
546.4 
202.3 
1081.6 

449.8 

lbs, 

101.7 

94.9 

96.9 

90.5 

205.4 

227.2 

43.2 

103.3 

167.2 

156.0 

154.1 

146.2 

141.0 

154.5 

138.6 

184.8 

104.0 

255.3 

76.2 

200.2 

lbs. 

Check 
122.0 
143.8 

19.9 

83.8 

72.6 

70.7 

62.8 

57.6 

71.1 

55.2 

101.4 

20.6 

171.9 

Check 

116.8 

perumt 

2A 

3A 

4A 

5A 

14.6 

6A 

15  6 

7A 

8A 

16.2 

9A 

34.0 

lOA 

29.5 

IIA 

28.7 

12A 

25.5 

13A 

23.4 

14A 

28.9 

15A 

22.4 

16A 

18  6 

17A 

10  2 

18A 

15  9 

19A 

20A 

26  0 

IB 

173.5 
215.8 

24.5 
49.0 
49.0 
49.0 
49.0 
49.0 
49.0 
49.0 

147.3 
92.1 

222.5 

141.1 

169.0 
221.8 

25.0 
50.1 
50.1 
50.1 
50.1 
50.1 
50.1 
50.1 

100.2 
15.4 

219.1 

65.5 

152.3 
203.5 

25.0 
50.1 
50.1 
50.1 
50.1 
50.1 
50.1 
50.1 

102.0 
34.7 

202.5 

84.8 

159.7 
129.7 

24.5 
49.0 
49.0 
49.0 
49.0 
49.0 
49.0 
49.0 

100.0* 
20.0* 

208.6 

69.0 

180.5 
147.5 

24.1 
48.3 
48.3 
48.3 
48.3 
48.3 
48.3 
48.3 
96.9 
40.1 
228.9 

89.4 

835.0 
918.3 

123.1 
246.5 
246.5 
246.5 
246.5 
246.5 
246.5 
246.5 
546.4 
202.3 
1081.6 

449.8 

79.8 
94.3 
92.9 
92.6 
167.3 
189.0 
100.3 
142.9 
158.6 
182.8 
193.4 
172.3 
165.4 
157.6 
160.8 
181.9 
180.6 
263.3 
96.67 
224.1 

Check 

72.7 

94.4 

5.7 

48.3 

64.0 

88.2 

98.8 

77.7 

70.8 

63.0 

66.2 

87.3 

86.0 

168.7 

Check 

129.5 

2B 

3B 

4B 

SB 

8.70 

6B 

10  28 

7B 

8B 

39  2 

9B 

26  0 

lOB 

35  8 

ilB 

40  1 

12B 

31.5 

13B 

28.7 

14B 

25.6 

15B 

26  9 

16B 

16  0 

17B 

42  5 

18B 

15  6 

19B 

20B 

28  8 

*  Estimated;  straw  and  alfalfa  hay  not  analyzed. 


Digitized  by 


Google 


388 


J.  O.  UPKAN  AND  A.  W.  BLAIE 


TABLE  10 
Percentage  ef  total  nUrogen  and  carbon  in  tke  unlimed  and  the  limed  soUs  in  1913  and  19 ti 


7 

8 

9 

10 

11 

12 

13 

14 

15 

16 
17 

18 

19 
20 


Nothing 

16  pounds  muriate  of  potash 10 

32  pounds  add  phosphate 0 

^Minerals  only |0 

Mmerals,  1600  pounds  cow  ma- 
nure  

Minerals,  1600  pounds  hone  ma- 
nure  

Nothing 10 

Minerals,  8  pounds  NaNOa 0 

Minerals,  16  pounds  NaNOi 0 

Minerals,  Ca(NQi)t  equivalent 
to  16  pounds  NaNQi. 0 

Minerals,  (NH4)aS04  equivalent 
to  16  pounds  NaNQi 0 

IhGnerals,  CaCNt  equivalent  to 
16  pounds  NaNQi |o 

Minerals,  dried  blood  equivaknt 
to  16  pounds  NaNQi lO 

Minerals,  fish  equivalent  to  16 
pounds  NaNOi |o 

Minerals,  concentrated  tankage 
equivalent  to  16  pounds  NaNOiK) 

Minerals,  200  pounds  alfalfa  hay.jO, 

Minerals,  200  pounds  wheat  or 
rye  straw |0 

Minerals,  1600  pounds  cow  ma- 
nure and  16  pounds  NaNOa. . . 

Minerals  only |0 

Minerals,  200  pounds  wheat  or 
rye  straw  and  16  pounds 
NaNQi 


Average. 


Nitragen 


1913        1917 


P€rumi 


1059  0.1033 
10980.1173 
1042  0.1139 
11800.1088 

1002  0.1185 


09290.1230 

0790  0.0785  0.95|0.93|0.0879|0 

08800.08831.11 

09210.09751.15 


pwcemt 


09410.0903 

09770.0904 

08690.0814 

09250.1063 

10140.1058 

06840.0919 
08910.1012 

09500.0980 

10880.1170 
09800.0872 


0.09590.0908 


0.09690.1006 


ToUl 
cftfboo 


1913   1917 


1.23 


1.24 


cemt 


.33|0.0862|0.0770 
(0.08710.0790 
.240.08210.0751 


1 

1.33 

1 

1.26|0.0855|0.07791 


1.440.10300.1143 


1.57|0.1028|0.1190 1.43  1.48 

.08211.171.02 

03|0.0801|0.0787  1.08  1.01 

13  0.07530.08101.08  0.96 


NitxQgen 


1913        1917 


perctmi 


10|0.0805  0.0779 
0.0819 
0210.08610.08961 
230.0607  0.0826 
22  0.0779  0.0889 


1 

1.21|0.0801 

1. 

1. 

1 


180.0717 


1410.0897  0.0904 
1.261.0810.0953  0.0952 


360.10140.11901 


010.0609  0.0784 


1.030.0632  0.0903 


1.190.06590.0879 


perceni 


^.0603|0 
1 


Total 


1913    1917 


.060.90 
.14  0.96 
.07  0.86 
151.04 

1.42 


1.44 


1.25 


1.14 


1.15 


1.01 
1.06 
1.07 
0.98 


1 
1.08|0.93 


930.89 
181.10 

1.15 


1.48 
0.95 


1.12 


1.07 


*  Minerals — ^32  pounds  add  phosphate  and  16  pounds  muriate  of  potash. 

An  examination  of  the  average  nitrogen  content  for  all  the  unlimed  plots 
shows  that  there  is  now  approximately  0.01  per  cent,  or  200  pounds  per 
plowed  acre  less  nitrogen  in  these  soils  than  there  was  in  1909.  The  corre- 
sponding loss  from  the  limed  section  amounts  to  nearly  500  pounds  of  nitro- 
gen per  acre.    Thus  the  limed  plots  have  lost  about  250  pounds  more  of 
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nitrogen  per  acre  than  the  unlimed  plots.  The  probable  reason  for  this 
greater  loss  from  the  limed  than  from  the  milimed  section  has  been  discussed 
in  an  earlier  paper  (2)  and  only  brief  reference  need  be  made  to  it  here.  It 
would  appear  in  the  case  of  the  unlimed  plots  that  the  addity  of  the  soil  has 
acted  as  a  check  on  the  breaking  up  of  organic  matter  and  ^therefore  on  the 
loss  of  nitrogen.  On  the  other  hand  the  well  limed  plots  furnished  a  favorable 
medium  for  those  organisms  that  destroy  organic  matter  and  as  a  consequence 
the  loss  of  nitrogen  was  heavy.  We  have  here  a  verification  of  the  popular 
view  that  lime  tends  to  '^nm  out"  the  organic  matter;  only  the  fuming 
out"  must  be  recognized  as  an  indirect  rather  than  a  direct  result  of  the  lime. 
Thb  rather  rapid  oxidation  of  organic  matter  results  in  the  formation  of  avail- 
able nitrogen  compounds  which  should  be  utilized  by  the  growing  crops. 

In  this  case,  however,  it  will  be  remembered  that  there  was  very  little 
more  dry  matter  produced  on  the  limed  than  on  the  unlimed  plots.  On 
these  plots  nitrogen  was  nd  the  limiting  facUnr  and  the  extra  amount  of 
available  nitrogen  compounds  was  largely  lost.  From  this  we  may  conclude 
that  on  soils  that  are  not  especially  heavy,  and  with  non-legume  crops, 
oxidation  may  proceed  rapidly  enough  without  the  stimulating  effect  of  lime 
compounds. 

It  is  interesting  to  note  that  during  the  period  1913-1917  there  was  little 
change  in  the  average  nitrogen  content  of  soil  in  the  two  sections.  Such 
change  as  there  was  is  in  the  direction  of  a  gain.  It  is  possible  that  in  1913 
the  equilibrium  of  which  Russell  speaks  had  been  reached  and  from  this  time 
on  the  gains  equaled  the  losses.  If  this  explanation  is  accepted  it  must  be 
admitted  that  the  equilibrium  point  was  lower  for  the  limed  than  for  the 
unlimed  section. 

It  is  of  especial  interest  to  note  that  the  nitrogen  content  of  those  plots 
iduch  have  received  manure  and  manure  with  nitrate  of  soda  has  been  nuun- 
tained  just  about  on  a  level  with  the  nitrogen  content  of  the  original  soil. 

The  hi(^  nitrogen  and  carbon  content  of  plots  lA  to  4A  which  during  the 
10  years  have  received  no  nitrogen  tends  to  confirm  the  suggestion  which  has 
already  been  made,  viz.:  that  the  soil  was  naturally  better  here  than  in  the 
remaining  part  of  the  section.  A  nitrogen  content  of  0.079  per  cent  for  7A 
illustrates  well  what  will  happen  when  land  is  cropped  continuously  without 
fertilizers  or  manure.  This  plot  shows  a  greater  loss  of  nitrogen  than  any  of 
the  others  in  this  section.  Assimung  that  it  originally  contained  0.1118  per 
cent,  which  represents  the  average  of  the  plots  which  were  sampled  in  1909, 
it  has  lost  nitrogen  at  the  rate  of  about  600  pounds  to  the  plowed  acre. 

In  most  cases,  as  has  already  been  pointed  out,  the  limed  plots  have  lost 
more  nitrogen  than  the  corresponding  unlimed  plots,  but  it  happens  that  this 
is  not  true  of  7B  which  is  the  limed  unfertilized  plot. 

The  average  percentage  of  carbon  in  samples  from  the  unlimed  plots  is 
practically  the  same  in  1913  as  in  the  orginal  soO,  but  the  limed  section  shows 
a  decrease  during  this  period  of  about  0.07  per  cent,  or  1400  pounds  to  the 


Digitized  by 


Google 


390 


;.  G.  UPICAN  AMD  A.  W.  BLAIK 


plowed  acre.  This  only  emphasizes  what  has  been  said  with  regard  to  the 
more  rapid  oxidation  of  organic  matter  on  the  limed  plots. 

It  will  be  noted  also  that  the  average  per  cent  of  carbon  is  less  for  both 
sections  in  1917  than  it  was  in  1913.  On  the  other  hand,  plots  5,  6  and  18 
in  each  section  show  a  decided  increase  in  percentage  of  carbon  over  the 
original  sofl,  the  carbon  content  of  which  was  1.22  per  cent.  These  plots 
receive  an  annual  application  of  manure  at  the  rate  of  16  tons  per  acre  and 
an  increase  in  carbon  content  is  to  be  expected.  The  large  amount  of  nitro- 
gen that  is  supplied  causes  a  rank  growth  of  grain  and  grass  and  thus  there 
is  left  on  these  plots  a  heavier  stubble  or  sod  than  on  the  plots  that  receive 
less  nitrogen.  These  residues  supplement  the  organic  matter  which  is  supplied 
by  the  manure. 

There  is  quite  a  contrast  between  6A  and  7A  which  lie  side  by  side.  In  1917 
the  former  contained  1.57  per  cent  of  carbon  and  the  latter  (the  no>fertilizer 
plot)  0.93  per  cent.  Even  on  the  limed  section  the  nitrogen  content  of  6A 
has  been  increased. 

It  is  of  interest  to  compare  the  average  nitrogen  and  carbon  in  the  sofl  from 
the  seven  plots  (9  to  15)  which  receive  equal  amounts  of  nitrogen  with  the 
average  for  all  the  plots.    The  averages  are  as  follows: 


TKKATMBMT 


Plots  9  to  15,  unlimed. . . . 
General  average,  unlimed. 

Plots  9  to  15,  limed 

Genera]  average,  limed. . . 


19U 


percent 

0.0933 

0.0969 

0.0789 

0.0859 


1917 


percent 

0.0952 

0.1006 

0.0832 

0.0876 


1913 


percent 
1.15 
1.24 
1.06 
1.15 


1917 


percent 
1.16 
1.19 
0.99 
1.07 


Here,  as  in  the  general  average,  there  is  less  nitrogen  and  carbon  in  the 
soil  of  the  limed  than  of  the  unlimed  section.  In  all  cases,  too,  the  average 
for  these  seven  plots  is  less  than  the  general  average  for  the  twenty  plots. 

From  this  it  is  evident  that  the  heavy  applications  of  manure  have  aided 
very  materially  in  bringing  up  the  general  average. 

smocAKY 

This  is  a  report  for  the  second  5-year  period  of  work  that  was  started  in 
1908,  the  object  of  which  is  a  study  of  the  relative  availability  of  different 
nitrogenous  materials,  and  of  nitrogen  losses  under  a  5-year  rotation  of  com, 
oats,  wheat  and  two  years  of  timothy. 

In  laying  out  the  experiment  forty  1/20-acre  plots  were  provided  in 
parallel  sections  of  twenty  plots  each,  so  that  the  nitrogen  work  could  be 
dupUcated,  the  one  section  designated  as  ''A''  remaining  unlimed  and  the  other 
designated  as  "B"  to  be  limed  at  stated  intervals. 
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Both  sections  have  been  supplied  with  liberal  amounts  of  phosphorus  and 
potassium  so  that  these  might  not  become  limiting  factors. 

With  slight  exceptions  the  mineral  nitrogenous  materials  have  increased 
the  yields  over  the  yields  from  the  check  plots. 

The  average  jdelds  of  dry  matter,  and  the  percentage  of  nitrogen  recovered 
have  been  greater  with  the  mineral  nitrogenous  materials  than  with  organic 
materials. 

Of  the  four  mineral  materials,  nitrate  of  soda  gave  the  largest  yidds  of  dry 
matter,  and  the  highest  percentage  of  nitrogen  recovered  on  the  unlimed 
section,  and  sulfate  of  ammonia  the  highest  on  the  limed  section. 

Of  the  three  commercial  organic  materials,  dried  fish  gave  the  highest 
yields  of  dry  matter  and  the  highest  percentage  of  nitrogen  recovered  on  the 
unlimed  section,  and  dried  blood  the  highest  on  the  limed  section. 

Farm  manure,  and  farm  manure  with  nitrate  of  soda  gave  the  largest  total 
yields,  but  on  account  of  the  large  excess  of  nitrogen  supplied  by  these 
materials  the  increases  can  hardly  be  considered  profitable  when  compared 
with  the  increase  made  by  the  commercial  nitrogenous  materials. 

The  four  mineral  nitrogenous  materials  gave  for  the  period  1913-1917  an 
average  recovery  of  29.4  per  cent  of  nitrogen  for  the  unlimed  section  and  33.3 
per  cent  for  the  limed  section.  The  corresponding  figures  for  the  three 
organic  materials  are  23.5  per  cent  and  27.1  per  cent.  There  is  thus  shown 
an  average  loss  of  more  than  two-thirds  of  the  applied  nitrogen. 

With  the  exception  of  the  corn  crop  of  1913  the  yields  on  the  limed  section 
were  about  the  same  as  on  the  unlimed  section. 

There  is  practically  no  difference  in  percentage  of  nitrogen  in  the  dry  matter 
from  the  limed  and  the  unlimed  sections. 

Analyses  of  samples  of  soil  from  plots  of  the  two  sections  show  that  the 
limed  plots  have  lost,  during  the  10  years,  nearly  250  pounds  more  of  nitrogen 
than  the  unlimed  plots.  The  loss  of  carbon  also  has  been  greater  on  the 
limed  than  on  the  unlimed  section. 

It  is  suggested  that  in  the  case  of  soils  of  this  type  and  with  no  legume 
crops  in  the  rotation  to  fiunish  additional  organic  matter,  oxidation  may  go 
on  rapidly  enough  without  the  stimulating  effect  of  lime. 

The  supply  of  nitrogen  and  carbon  has  been  best  maintained  on  those  plots 
which  have  received  the  farm  manure  and  the  farm  manure  plus  nitrate  of 
soda.  The  carbon  content  of  these  plots  has  even  been  increased  over  the 
carbon  content  of  the  original  soil. 

The  work  emphasizes  the  difficulty  of  maintaining  the  nitrogen  supply  of 
the  soil  at  a  high  level  under  continuous  cropping  to  non-leguminous  crops, 
even  when  commerical  fertilizers  are  supplied  in  generous  amounts. 
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Sulphate  of  Ammonia  is  the  most  important  carrier  of 
nitrogen  in  American  agriculture.  The  possibiUties  of  its  use  ^ 
in  mixed  fertilizers  and  as  a  nitrogenous  top  dressing  are  only  I 
beginning  to  be  realized.  The  production  has  doubled  in  the 
last  five  years  through  new  by-product  ovens,  yet  one-half  of  the 
possible  production  from  the  coke  now  made  is  wasted  every 
year  due  to  the  use  of  old  beehive  coke  ovens.  The  by-product 
ovens  will  replace  the  beehive  ovens  as  the  demand  for  by- 
products warrant  such  changes. 

In  every  state  where  commercial  fertilizers  are  used,  or 
^pear  likely  to  be  needed,  questions  as  to  the  best  methods 
of  using  Sulphate  of  Anmionia  in  agronomy,  olericulture,  and 
horticulture,  will  be  asked.  In  most  cases  the  best  answers 
cannot  be  given  without  experiment  and  investigation.  Fre- 
quently tests  extending  over  a  term  of  years  are  deemed 
advisable.  The  sooner  such  work  is  put  under  way,  the  sooner 
helpful  local  data  will  be  available.  There  are  also  many 
problems  lying  more  in  the  region  of  research  that  require 
solution  and  invite  the  consideration  of  agricultural  scientists 
and  students. 
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CAN  I  OPERATE  A 
POTENTIOMETER 
SUCCESSFULLY 

? 


Many  workers  who  have  to  make  frequent  determinations  of  hydro- 
gen-ion concentrations  have  probably  considered  the  question  of 
applying  a  potentiometer  to  their  problems  but  have  had  misgivings 
about  their  ability  to  use  an  electrical  measuring  instrument  called 
a  potentiometer.  As  a  result,  they  have  continued  to  use  inadequate 
methods. 

Many  others  who  had  seen  a  potentiometer  in  use,  and  who  realized 
the  advantages  of  the  instrument  in  their  work,  added  the  type  K  outfit 
to  their  laboratory  equipment.  Although  they  had  no  previous  training 
in  electrical  measurements,  they  are  using  it  successfully  and  with  com- 
plete assurance  that  their  results  are  dependable. 

*The  proof  of  a  pudding  is  in  the  eating.''  Those  who  are  using  the 
apparatus  will  testify  that  after  a  short  period  of  practice— which  is 
necessary  for  the  successful  operation  of  any  scientific  apparatus — they 
have  found  the  operation  of  the  Tjnpe  K  Potentiometer  a  very  simple 
matter.  Indeed,  its  operation  makes  less  of  a  demand  on  the  skill  of 
the  operator  than  does  the  process  of  making  a  precision  weighing. 
Those  who  are  using  the  Type  K  outfit  feel  that  they  are  amply  repaid  for 
the  brief  effort  of  learning  the  technique. 

Bulletins  70 C  and  701  have  interesting  information 
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ThiB  man  put  up  «  greenhouae  near  »  canning  factory.    Half  of  the  year  he  raited  tomato  plants 
for  the  farmert.    The  other  half  grew  flowers.    Isn't  there  a  hunch  in  it  for  you7 


A  "Planted"  Mine 

The  Kind  That  Pays  You  to  Pay  For 


IN  the  so-called  "good  old  mining 
days/*  the  wolves  of  the  mining 
business  used  to  lure  the  money 
bags  from  unsuspecting  tenderfoots,  by 
unexpectedly  striking  gold  in  worth- 
less holes.  Gold  was  previously  care- 
fully placsd  there  by  them. 

To  sell  such  "planted"  mines  was  a 
most  profitable  transaction. 

But  we  have  a  mine  planting  plan 
that  has  that  beaten  to  a  standstill. 
Beaten  because  it's  a  fair  and  square 
planting. 

A  planting  where  you  turn  dirt  into 
gold  nuggets. 


A  planting  where  instead  of  planting 
once  a  season  and  getting  one  crop, 
you  plant  four  plantings  and  get  four 
crop  profits. 

We  have  neither  mines  nor  land  to 
sell. 

CXir  business  is  building  greenhouses. 
With  them  you  can  open  a  mine  prac- 
tically anywhere  and  strike  gold. 

This  may  seem  like  wind  fanning 
talk.  But  facts  and  figures  talk.  We 
have  some  figure  facts  on  intensive 
farming  under  glass  that  will  set  jrou 
thinking. 

Do  you  want  them? 


Builders  of  Greenhouses  and  Conservatories 


mVINGTON  NEW  YORK 

New  York  42na  St.  Bldg. 

BOSTON  CLEVELAND 

Uttle  BUg.  2063  L.  4th  St. 

Eastern  Factory 

Irvington,  N.  Y. 


PHILADELPHIA 
Land  Title  Bldg. 

TORONTO 
Royal  Bank  BMg. 
Western  factory 
Dcs  Plainco.  111. 


CHICAGO 
Continental  Bank  Bl<lg. 
MONTREAL 
Transportation  Bklg. 

Canadian  Factory 
St.  Catharines.  Ont. 
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THE  RELATION  OF  SULFUR  TO  SOIL  ACIDITY  AND   TO  THE 
CONTROL  OF  POTATO  SCAB* 

WILLIAM  H.  MARTIN 

Nem  Jersey  AgricuUural  Experiment  Station 
Recehred  for  pabUcatson  A|>rfl  13,  1920 

INTRODUCTION 

Potato  scab,  caused  by  Actinomyces  chromogenus  Gasperini,  is  no  doubt, 
the  most  common  disease  of  this  important  agricultural  crop.  The  disease 
was  first  mentioned  in  Loudon's  Encyclopedia  of  Agriculture  (18)  as  follows: 
"Scab,  that  is  to  say,  the  ulceration  of  the  surface  of  the  tubers,  has  never 
been  explained  in  a  satisfactory  manner.  Some  attribute  it  to  the  ammonia 
from  the  dung  of  the  horse,  others  to  alkali,  and  certain  others  to  the  use  of 
wood  ashes  on  the  soil.  Not  using  diseased  seed  and  planting  on  other  soQ 
are  the  only  known  means  of  preventing  the  malady."  Since  this  first  men- 
tion of  the  disease  an  extensive  literature  has  appeared  on  the  subject,  a 
large  portion  of  which  has  been  devoted  to  control  measures. 

On  the  tuber,  satisfactory  control  has  been  secured  by  treating  with  either 
formaldehyde  or  corrosive  sublimate.  Where  the  scab  organism,  is  present  in 
the  soU,  however,  as  is  very  frequently  the  case  where  potatoes  are  grown 
for  a  number  of  years  on  the  same  land,  seed  treatment  is  of  little  value. 
Where  this  condition  exists,  control  measures  must  be  based  on  eradicating 
the  organism  from  the  soil.  This  fact  has  long  been  recognized,  and  Halsted 
(10, 11, 12, 13, 14),  one  of  the  first  to  conduct  investigations  on  this  subject, 
found  from  his  tests  with  various  soil  germicides  that  sulfur  was  the  only  one 
which  gave  results  that  would  warrant  its  use  for  this  purpose. 

Further  investigations  by  Halsted  and  others,  have  shown  contradictory 
results  in  the  use  of  sulfur  for  the  control  of  scab.  Halsted  (10,  11,  12,  13, 
14)  reports  a  marked  decrease  in  the  amount  of  scab  following  an  applica- 
tion of  300  pounds  of  sulfur  per  acre,  while  a  similar  quantity  under  dif- 
ferent conditions  had  no  beneficial  effect.  In  another  experiment,  an  appli- 
cation of  600  pounds  of  sulfur  in  1896  had  no  effect  on  scab  in  that  or  the 
succeeding  year;  in  1898  however,  the  sulfur  became  effective,  bringing  about 
a  reduction  of  36.1  per  cent  in  the  amoimt  of  scab. 

In  an  experiment  conducted  in  the  greenhouse.  Carman  (6)  found  no  dif- 
ference in  the  amount  of  scab  where  untreated  seed  pieces,  and  seed  pieces 

^  Technical  Paper  No.  3  of  the  New  Jersey  Agricultural  Experiment  Stations  Department 
of  Plant  Pathology. 
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rolled  in  sulfur  flour,  were  planted  in  sterile  soil.  Field  experiments  where 
sulfur  was  used  at  the  rate  of  150  and  180  pounds  per  acre  likewise  showed 
no  indicative  results.  His  results  were  corroborated  by  Brooks  (3)  who 
reports  failure  in  the  use  of  sulfur  for  the  control  of  scab. 

As  a  result  of  a  series  of  experiments,  in  which  sulfur  was  used  at  the  rate 
of  300  pounds  per  acre  following  an  application  of  600  pounds  in  the  preced- 
ing year,  Wheeler  and  Adams  (22)  conclude  that:  ''The  indications  are  that 
the  sulfur  treatment  of  contaminated  soils  may  decidedly  reduce  the  per- 
centage of  scab  if  enough  sulfur  is  employed  and  the  moisture  and  other  soil 
conditions  are  such  that  it  is  able  to  exert  its  maximum  effect." 

The  rdle  that  sulfur  plays  in  the  soil  is  an  undecided  question.  Chancrin 
and  Desriot  (4)  express  the  opinion  that  its  beneficial  effects  may  be  due  to 
action  similar  to  that  of  partial  sterilization  by  heat,  carbon-bisulfide,  toluene, 
etc.  In  its  use  for  the  control  of  scab  its  beneficial  action  would  appear  to 
be  due  to  the  fact  that  on  its  oxidation  there  is  an  increase  in  soil  acidity, 
thus  producing  conditions  unfavorable  for  the  development  of  the  scab 
organism.  Numerous  investigators,  among  whom  might  be  mentioned 
Brioux  and  Guerbet  (1),  Brown  and  Kellogg  (2)  and  Lipman  and  his  co- 
workers (17)  have  demonstrated  that  the  presence  of  sulfofjdng  organisms  as 
well  as  the  moisture  relations  are  factors  of  considerable  importance  in  the 
oxidation  of  sulfur.  Since  it  is  a  well  established  fact  that  the  biological 
factor  is  influential  in  the  process  it  is  possible  that  some  of  the  reported  fail- 
ures of  sulfur  applications  to  control  scab  may  be  explained  on  the  ground 
that  the  sulfur  was  not  oxidized. 

In  a  series  of  carefully  performed  field  experiments,  Sherbakoff  (19)  applied 
sulfur  at  the  rate  of  450  and  900  pounds  per  acre.  In  every  case  there  was  a 
reduction  in  the  amount  of  scab,  the  heavier  application  giving  the  greatest 
decrease.  Included  in  these  experiments  were  tests  to  determine  the  influ- 
ence of  the  time  of  application  of  the  sulfur.  Most  efficient  control  was 
secured  where  the  sulfur  was  broadcasted  just  before  the  potatoes  were 
planted.  Mixing  the  sulfur  with  the  fertilizer  not  only  reduced  the  fungicidal 
effect  of  the  sulfur  but  reduced  the  value  of  the  fertilizer  as  well.  In  another 
paper  Sherbakoff  (20)  reports  that  where  heavy  applications  of  sulfur  were 
made  injurious  effects  were  apparent  on  clover  the  following  year,  the  injury 
being  in  proportion  to  the  amoimt  of  sulfur  applied. 

Lint  (16)  conducted  field  experiments  with  sulfur  over  a  period  of  three 
years  and  found  that  any  quantity  over  600  pounds  is  not  to  be  advised 
except  under  especially  alkaline  conditions.  In  cases  where  sulfur  was 
applied  at  the  rate  of  600  and  800  pounds  per  acre  in  the  row.  Lint  reports 
injury  on  the  succeeding  hay  crop.  Where  smaller  amounts  were  used,  and 
the  applications  made  broadcast  the  danger  of  injury  was  reduced  to  a 

f^ninimnm. 

From  the  brief  review  of  the  previous  investigations  on  the  use  of  sulfur 
for  the  control  of  potato  scab,  it  is  apparent  that  the  chief  difficulty  lies  in 
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determining  the  amount  necessary  to  change  the  soil  reaction  to  a  degree  that 
will  inhibit  the  growth  of  the  scab  organism  without  interfering  with  the 
proper  development  of  the  potato  crop  or  of  subsequent  crops.  That  the 
soil  acidity  may  be  increased  to  this  extent  without  injury  to  the  potato  crop, 
is  evident  from  the  work  of  GiQespie  and  Hurst  (8).  They  have  shown  that  • 
while  the  Caribou  loam  soils  of  Maine  are  more  add  than  the  Washburn 
loam  soils,  the  potatoes  grown  on  the  former  are  not  only  free  from  scab  but 
give  larger  3delds. 

In  a  recent  paper  having  an  important  bearing  on  the  question  of  the 
eradication  of  Uie  scab  organism  from  the  soil,  Gillespie  and  Hurst  (9)  show 
that  an  excellent  correlation  exists  between  the  hydrogen-ion  concentration 
and  the  occurrence  of  the  potato  scab  organism.  They  examined  a  num- 
ber of  potato  soils  of  different  origin  and  type  and  found  that  those  having  a 
hydrogen-ion  concentration  as  low  as  5.2  rarely  produced  scabby  tubers 
while  potatoes  grown  on  soils  having  higher  exponents  generally  were  scabby. 
Among  the  samples  examined  by  them  were  two  from  the  same  field,  a  portion 
of  which  was  limed  in  1906  while  the  remainder  received  no  lime.  The  limed 
portions  produced  scabby  potatoes  in  1906  and  again  in  1917,  while  the  pota- 
toes from  the  unlimed  portion  were  dean  both  years.  On  determining  the 
hydrogen-ion  concentration  of  soil  samples  from  the  two  sections,  it  was 
found  that  the  limed  and  unlimed  portions  gave  pH  values  of  5.7  and  5.05, 
respectivdy.  In  another  paper  Gillespie  (7)  reports  the  results  of  studies 
made  of  the  viability  of  a  number  of  strains  of  the  scab  organism  in  culture 
media  adjusted  to  various  hydrogen-ion  exponents.  He  found  that  in  a 
medium  having  a  pH  value  of  5.2  growth  was  slower  and  generally  less  vig- 
orous than  it  was  in  media  having  higher  pH  values.  In  some  instances 
strains  of  the  organism  succeeded  in  growing  wdl  in  a  mediiun  which  had 
an  initial  pH  value  of  4.8  but  the  growth  was  accompanied  by  a  decrease  in 
addity.  The  writer  states  that  it  is  doubtful  if  more  than  a  poor  growth 
can  occur  at  such  exponents. 

While  the  results  of  previous  experiments  with  the  use  of  demental  sulfur 
for  the  control  of  potato  scab  have  been  contradictory,  the  evidence  as  a 
whole  indicates  the  possibility  of  its  use  in  this  connection.  In  view  of  the 
fact  that  potato  scab  is  becoming  more  and  more  destructive,  it  was  thought 
advisable  that  further  research  be  conducted  on  this  problem.  Since  the 
presence  or  absence  of  the  scab  organisms  appears  to  be  determined  to  a 
large  extent  by  the  soil  reaction,  in  the  experiments  here  reported  particular 
attention  was  given  to  the  relation  of  the  organism  to  soil  addity  as  meas- 
ured by  the  hydrogen-ion  concentration  and  the  rdation  of  the  latter  to  the 
amount  of  sulfur  applied  to  the  soil. 
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iSXPEXniENTAL 

During  the  summer  of  1919,  five  field  experiments  were  conducted.  These 
experiments  were  performed  on  different  soil  types  including  sandy  loam, 
Sassafras  loam  and  Penn  loam.  In  selecting  the  fields  in  which  the  experi- 
ments were  conducted,  care  was  taken  to  avoid  any  marked  soil  irregularities 
so  that  differences  arising  from  soil  variations  might  be  reduced  to  a  mini- 
mum. As  an  additional  precaution  check  plots  were  left  between  each  two 
treated  plots  and  each  treatment  was  repeated  at  least  three  thnes.  The 
size  of  the  plots  in  the  different  experiments  varied  from  ^  to  ijSr  acre. 
Except  for  the  sulfur  treatments  all  the  plots  of  an  experiment  were  treated 
alike  as  regards  fertilization  and  cultivation. 

Sulfur  was  used  in  amounts  varying  from  300  to  1200  pounds  per  acre. 
The  sulfur  used  was  the  commercial  flour  sulfur.  The  applications  were 
made  broadcast  after  the  land  was  harrowed  and  just  before  planting.  In  one 
of  the  experiments  the  sulfur  was  applied  by  hand,  in  two  others  a  lime  dis- 
tributor was  employed  while  in  the  remaining  two  the  applications  were  made 
with  a  grain  drill.  The  latter  method  proved  the  most  efficient  since  the  sul- 
fur was  thoroughly  mixed  with  the  surface  soil  and  a  more  uniform  distri- 
bution was  secured. 

Experiments  were  conducted  with  the  varieties  American  Giant  and  Irish 
Cobbler.  When  the  potatoes  were  harvested  they  were  separated  into  two 
classes,  primes  and  seconds,  the  latter  including  all  tubers  under  1^  inches 
in  diameter.  The  primes  were  then  divided  into  classes  depending  on  the 
degree  of  infection.  In  grading  the  primes  of  the  American  Giant  variety, 
two  classes  were  made,  clean  and  scabby,  the  latter  including  all  tubers 
showing  any  scab  lesions.  Three  classes  were  made  of  the  Irish  Cobbler 
primes,  namely,  dean,  salable  scabby  and  imsalable  scabby.  The  last  dass 
was  made  up  of  all  tubers  covered  with  the  scab  lesions  while  tubers  showing 
only  a  moderate  infection  were  designated  as  salable  scabby.  In  this  con- 
nection, it  must  be  stated  that  the  percentage  of  salable  scabby  tubers  in  the 
primes  is  not  a  fair  index  of  the  actual  control  of  scab  since  the  salable  scabby 
tubers  from  the  check  plots  showed  considerably  more  scab  than  those  from 
the  treated  plots.  This  is  particularly  true  of  the  American  Giant  variety, 
the  primes  in  the  sulfur-treated  plots  not  only  showed  less  scab  than  those 
from  the  check  plots  but  were  of  a  much  better  color  and  texture. 

Before  making  the  sulfur  applications,  soil  samples  were  taken  in  the  area 
to  be  included  in  the  experiment  and  the  hydrogen-ion  concentration  of  water 
extracts  of  the  soil  samples  determined  colorometrically ,  following  the  work  by 
Clark  and  Lubs  (5)  in  the  preparation  of  the  buffer  mixtures,  the  selection  of 
suitable  indicators  and  general  methods  of  procediure.  When  the  crop  was 
harvested,  soil  samples  were  taken  in  each  plot  and  similar  determinations 
were  made.  In  taking  the  soil  samples  borings  were  made  to  a  depth  of  6} 
inches,  at  intervals  of  15  feet.  These  individual  samples  were  then  thoroughly 
mixed  and  a  sample  taken  to  represent  the  condition  of  the  plot  in  question. 
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In  preparing  the  water  extracts  of  the  soil  samples  to  be  tested  a  method 
was  adopted  which  was  essentially  the  same  as  that  employed  by  Gillespie 
and  Hurst  (9).  To  15  gm.  of  air-dry  soil  which  had  been  passed  through  a 
1-mm.  sieve  was  added  30  cc.  of  distilled  water  in  a  100-cc.  Erlenmyer  flask. 
The  flask  was  then  shaken  75  times,  and  allowed  to  stand  for  a  period  of  8 
to  12  hours.  The  supernatant  liquid  was  then  drawn  off  and  distributed  to 
test  tubes. 

The  yields  per  acre  as  well  as  the  percentage  of  scabby  tubers  will  be  pre- 
sented in  the  following  tables  in  which  the  data  given  are  averages  obtained 
from  at  least  three  replications  of  each  treatment  and  of  six  check  plots.  The 
yields  of  second-size  tubers  are  included  in  the  tables;  however,  in  view  of 
the  fact  that  the  sulfur  treatments  appeared  to  have  no  influence  on  the 
number  of  seconds,  they  will  not  be  discussed. 

Experiments  with  the  Irish  Cobbler  Variety 

Experiment  7.  The  soil  on  which  this  experiment  was  conducted  is  a  sandy 
loam,  typical  of  one  of  the  best  potato-growing  sections  of  New  Jersey.  In 
1912  an  application  of  lime  was  made  at  the  rate  of  1200  pounds  per  acre; 
since  that  time  succeeding  potato  crops  have  been  severely  scabbed,  a  large 

TABLE  1 

Influence  of  sulfur  appUcatians  an  total  yidd^  per  cent  of  scahby  tubers  and  hydrogen^an 

concentration 


TOTAL 
YIBUD 

TBLD  OT 
8X00MD8 

pH 

TBKATMBMT 

Salable 

UnMOaUe. 

VALUS  01 

son. 

Clean 

Scabby 

Check* 

bmsMsptf 
acre 

350.1 
339.1 
342.7 

huskehper 
acr§ 

163.5 
265.8 
283.2 

64.6 
29.4 
19.4 

JmshOsptf 
acre 

146.8 
30.2 
25.9 

busheUper 

acre 

39.7 
42.6 
33.4 

6.03 

400  pounds  sulfur  per  acret 

600  pounds  sulfur  per  acref 

5.20 
5.07 

*  Average  of  6  plots, 
t  Average  of  4  plots. 

portion  of  the  crop  being  unsalable  in  1919.  Soil  samples  taken  before  the 
sulfur  applications  were  made  showed  a  hydrogen-ion  exponent  of  6.15.  In 
this  experiment  sulfur  was  used  at  the  rate  of  400  and  600  pounds  per  acre. 
Observations  made  at  frequent  intervals  during  the  summer  on  this  and  the 
other  experiments  conducted  failed  to  show  any  differences  in  vegetative 
growth  that  could  be  attributed  to  the  sulfur  applications. 

The  effects  of  the  sulfur  on  total  3rield  and  scab  control  are  shown  in  table  1. 
It  will  be  seen  that  there  was  a  slight  decrease  in  jridd  on  the  treated  plots 
as  compared  with  the  check  plots;  it  is  doubtful,  however,  if  these  differences 


Digitized  by 


Google 


398 


WILLIAM  H.  HAEXm 


can  be  attributed  to  the  action  of  the  sulfur,  since  the  decrease  was  greater 
for  the  400  than  for  the  600-pound  application.  With  both  quantities  of  sulfur 
used,  there  was  a  marked  gain  in  the  number  of  salable  primes  with  a  corre- 
sponding decrease  in  the  number  of  tubers  rendered  imsalable  by  scab.  In 
addition  to  this  the  per  cent  of  scabby  tubers  in  the  salable  primes  was  greatly 
reduced  by  the  sulfur  applications. 


Chedc 
910.4  Bu.  Per  A. 


400  Lbs.   Sulfur 
296.5  Bu.  TtT  A. 


600  Vbu.  SuXfn 
S09.3  Bu.  TmvX. 


]«  6.03 


pa  s.zo 


vH  5. or 


3^  Salablt 


Unaalablt 


Feo.  1.  Diagram  SHOwmo  the  Relation  of  Suutds  Tkeaiicent  to  Hioxrogxn-Ion 

CONGENTKATION  AND  THE   FER   CeNT  OF   CLEAN,     SaLABUB  AND  UdSALABIE 

Scabby  Tubers  in  the  PRDfEs— Irish  Cobbler  Variety, 
Experiment  I 

The  relation  of  the  hydrogen-ion  exponent  to  the  per  cent  of  dean,  sal- 
able scabby  and  unsalable  scabby  tubers  in  the  primes  is  shown  in  figure  1. 
The  exponent  of  the  check  plots  when  harvested  was  found  to  be  6.03;  as  has 
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been  stated,  the  original  exponent  for  this  soil  was  6.15,  indicating  that 
little  change  occurred  during  the  growing  season.  On  the  other  hand,  the 
plots  receiving  the  sulfur  applications  showed  a  decided  decrease  in  expo- 
ne^its,  the  decrease  being  more  pronounced  on  the  plots  receiving  the  heavier 
applications.  From  the  diagram  it  is  apparent  that  with  the  decrease  in  the 
hydrogen-ion  exponent  there  was  a  corresponding  decrease  in  the  per  cent 
of  scabby  tubers  as  compared  with  the  check  plots.  It  will  be  observed, 
however,  that  even  where  the  larger  quantities  of  sulfur  were  used  the  crop 
was  not  entirely  free  from  scab,  this  despite  the  fact  that  the  exponent  of 
these  plots  was  5.07,  slightly  lower  than  that  shown  by  Gillespie  (7)  to  delay 
or  inhibit  the  growth  of  the  scab  organism  in  culture  media.  This  would 
indicate  either  that  there  was  not  a  uniform  distribution  of  the  sulfur  with  the 
consequence  that  there  was  no  resulting  acidity  in  those  areas  not  receiving 
sulfur,  or  that  the  organism  will  grow  at  lower  exponents  in  soil  than  in 
culture  media. 

Experiment  II.  The  soil  on  which  this  experiment  was  conducted  is  a 
sandy  loam  of  a  heavier  type  than  that  on  which  the  first  experiment  was 
performed.  Scab  has  been  very  severe  in  this  field  for  a  number  of  years. 
Sulfur  was  applied  at  the  rate  of  300  and  600  pounds  per  acre. 

TABLE  2 
Infiumce  cf  stdfur  oh  Mdl  yidd^  per  cent  of  scabby  tubers  and  kydrogefi^n  concentraHon 


10TAL 
taCMJD 

Ir  iib-ft   Qf  VKOUS 

TIKU>  OT 
BBOOMDe 

pH 

nxAmBfT 

S«l«ble 

Unsdable 
•cablv 

VALUXSOF 

■on 

Ckui 

Scabby 

Check* 

buskOsptr 
acr$ 

174.0 
181.4 
171.9 

acrt 
70.4 
144.6 
132.0 

pwunt 

57.6 
22.4 
23.8 

busMsper 
ocrt 

85.9 
24.1 
22.9 

buskdsptr 
acr$ 

17.7 
12.7 
17.1 

5.57 

300  poundB  sulfur  per  acref 

600  pounds  sulfur  per  acref 

4.77 
4.82 

*  Average  of  6  plots, 
t  Average  of  4  plots. 

The  results  of  the  sulfur  treatments  are  given  in  table  2.  On  a  basis  of 
total  yield,  the  plots  receiving  300  pounds  of  sulfur  showed  an  increase  as 
compared  with  the  untreated  plots,  while  the  plots  treated  with  600  poimds  of 
sulfur  per  acre  showed  a  slight  decrease.  The  differences  in  either  case  are 
small,  however,  and  it  is  doubtful  whether  any  importance  can  be  attached  to 
them.  As  in  the  preceding  experiment,  there  was  a  marked  reduction  of 
unsalable  scabby  tubers  on  the  treated  plots  leading  to  an  increase  in  the  num- 
ber of  salable  primes.  The  per  cent  of  scabby  tubers  in  the  salable  primes 
was  likewise  greatly  reduced. 
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In  figure  2  is  shown  the  relation  of  the  hydrogen-ion  exponent  to  the  per 
cent  of  salable  and  unsalable  scabby  tubers  in  the  primes.  The  initial  hydro- 
gen-ion exponent  of  this  soil  was  5.6  as  compared  with  5.57  for  the  check  plots 
at  the  time  of  harvesting.  It  will  be  seen  from  the  diagram,  that  the  exponent 
of  the  plots  treated  with  300  pounds  of  sulfur  is  slightly  lower  than  that  of 
the  plots  receiving  double  this  amount.  This  indicates  that  the  sulfur  had 
not  all  been  oxidized  at  the  time  of  digging.  This  is  corroborated  by  the 
work  of  Shedd  (21)  who  has  shown  that  after  about  four  months  the  amount  of 
sulfur  oxidized  was  generally  about  60  per  cent  of  the  total  quantity  present 


300  lbs.   Sulfur 


Check 


156.3  Bu.?er  A. 


600  lbs.   Sulfvr 


168.7  9a.  Per  A. 


154.8  Bu.  Ver  A. 


ta  6.57 
Clean 


iaL4.77 


PB  4.C 


D 


Salable 
Scabl^ 


Unsalable 
Seabbar 


Fig.  2.  Diagram  Showing  the  Relation  of  Sultuk  Treatments  to  HiDR0GKN-I<»r 

Concentration  and  to  the  Per  Cent  of  Clean,  Salable  and  Unsalable 

Scabby  Tubers  in  the  Primes— Irish  Cobbler  Variety, 

Experiment  n 

regardless  of  whether  100  or  500  pounds  per  acre  had  been  added.  It  will 
further  be  seen  from  the  diagram,  that  scab  was  approximately  as  well  con- 
trolled on  the  plots  receiving  300  poimds  of  sulfur  per  acre  as  it  was  on  the 
plots  where  600  pounds  were  used.  It  thus  appears  from  the  results  of  this 
experiment  that,  for  this  particular  soil  type,  having  the  hydrogen-ion  expo- 
nent as  low  as  5.6,  the  use  of  sulfur  in  any  quantity  exceeding  300  pounds  was 
unnecessary  for  the  control  of  scab. 

Experiment  III.    The  soil  on  which  this  experiment  was  conducted  is  a 
Penn  Loam  that  had  not  been  planted  in  potatoes  for  a  number  of  years.    To 
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insiire  the  presence  of  the  scab  organism  in  the  soil  scabby  seed  was  planted. 
Sulfur  applications  were  made  at  the  rate  of  300,  600,  900  and  1200  pounds 
per  acre.    The  results  of  this  experiment  are  given  in  table  3. 

On  the  basis  of  total  yield  the  plots  treated  with  sulfur  at  the  rate  of  600 
pounds  per  acre  showed  a  decreaseof  9.9  bushels  per  acre  as  compared  with  the 
check  plots.  Each  of  the  other  plots  showed  an  increase  in  yield.  This  in- 
crease was  2.7  bushels,  11.9  bushels  and  12.3  bushels  per  acre  for  the  plots 
treated  with  300, 900  and  1200  poimds  of  sulfur,  respectively.    In  this  experi- 

TABLES 


Influence  of  sulfur  appUcaUons  on  tak 

U  yidd,  per  cent  of  scabby  tubers  and  hydrogenAan 
concentration 

•KftKL 

YBID  OV 
SBOONDB 

pa 

VAL17X8  07 

Clean 

Scabby 

SOIL 

Check* 

buskehper 
a^re 

144.3 
147.0 
134.4 
156.2 
156.6 

bushels  per 
acre 

128.4 
135.4 
119.4 
141.8 
142.5 

percent 
60.0 

43.6 
26.9 
26.3 
15.7 

buskehper 
acre 

14.7 
11.6 
15.0 
14.1 
14.1 

6.27 

300  pounds  sulfur  per  acKf 

5.90 

5.83 

900  Dounds  sulfur  i>er  acret 

5.13 

1200  nounds  sulfur  ner  acret 

5.10 

•  Average  of  8  plots, 
t  Average  of  3  plots. 

TABLE  4 
Influence  of  sulfur  applications  on  kydrogen4on  concentration  of  soil  extracts 


Check* 

300  pounds  sulfur  per  acref. 

600  pounds  sulfur  per  acref. 

900  pounds  sulfur  per  acref. 
1200  pounds  sulfur  per  acref. 


DATS  07  SAMPLXNO 


5/19 


pH 

6.37 
6.40 
6.13 
5.90 
5.70 


S/29 


pH 
6.43 
6.26 
5.70 
5.16 
5.43 


6/14 


pH 
6.32 
6.00 
5.20 
5.16 
4 


604 


6/24 


pH 
6.05 

5.70 
4.93 
4.63 
43 


7/18 


pH 
6.23 
6.20 
5.63 
5.90 
5 


104 


7/24 


pH 
6.40 
6.00 
5.60 
5.00 
80 


«/2 


pH 
6.30 


pH 
6.27 


5.53 


4.86 


8/16 


6.105.90 


5.83 


5.165.13 


5.10 


pH 
6.27 
6.07 
5.57 
5.25 
5.00 


*  Average  of  8  plots, 
f  Average  of  3  plots. 

ment  no  tubers  were  rendered  unsalable  by  scab.  From  table  3  it  will  be 
observed  that  the  per  cent  of  scabby  tubers  in  the  primes  decreased  with 
the  increased  sulfur  applications,  the  plots  receiving  the  highest  sulfur  appli- 
cation yielding  the  lowest  per  cent  of  scabby  tubers. 

Soil  samples  were  taken  35  days  after  the  sulf lu:  applications  were  made  and 
again  approximately  every  10  days  until  the  crop  was  harvested.  Water 
extracts  of  all  the  soil  samples  were  made  and  these  were  tested  for  the  hydro- 
gen-ion concentration.    The  results  of  these  tests  are  given  in  table  4.    It  will 
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be  seen  that  there  was  no  marked  variation  in  the  hydrogen-ion  exponents  of 
the  check  plots,  if  the  one  indicated  for  June  24  is  excepted,  this  being  the 
lowest  of  these  values.  The  mean  value  of  all  the  determinations  was  6.3. 
The  exponents  of  the  treated  plots  at  the  time  when  the  first  observation  was 
made,  with  the  exception  of  the  one  indicated  for  the  plots  receiving  300 
pounds  of  sulfur,  were  lower  than  were  those  of  the  check  plots.  The  values 
of  the  hydrogen-ion  exponents  of  the  soil  extracts  corresponding  to  each  of  the 
different  treatments  show  a  gradual  decline,  the  lowest  of  these  values  for 
each  treatment  being  indicated  for  June  24,  71  days  after  the  sulfur  applica- 
tions were  made.  The  hydrogen-ion  exponents  indicated  for  dates  subsequent 
to  June  24  are  somewhat  variable  and  all  are  slightly  higher  than  are  those 
indicated  for  this  date.  No  explanation  is  here  offered  for  the  sudden  inter- 
ruption (indicated  in  table  4  for  June  24)  in  the  decline  of  the  values  of  the 


Chtck 
128.4Ai.P«r  A. 


300  Lbfl.  aalfw 
135.4  Bii.Pir  A. 


600  Ibt.aalf^ 
119.4Bii.PtrA. 


900  Lbt.  ivlNr    1290  Ut.MAv 
U1.8Ba.P«r^    142.6  »LFirA: 


1B6.27 
ricUltt 


|8  9.90 


IH9.93 


fH6.U 


ia5.io 


SalabU 
9o«MQr 


Flo.  3.  Diagram  Showing  tbb  Rblaiion  of  Suiormt  Trsaimsnts  to  Hydrogen-Ioii 

Cgncbntration  and  to  the  Per  Cent  of  Clean  and  Salable  Scabby  Tubers 

IN  THE  PrdieS'— Irish  Cobbler  Varobtt,  Experdient  in 

hydrogen-ion  exponents.  It  is  suggested,  however,  that  oxidation  of  the 
sulfur  might  have  been  completed  at  this  time  (71  days  after  application),  so 
that  further  decrease  in  the  values  of  the  hydrogen-ion  exponents  of  the  soil 
extracts  from  this  cause  could  not  be  expected.  This  suggestion  is  in  accord 
with  the  work  of  Lint  (15)  who  has  shown  that  sulfur  is  practically  completely 
oxidized  in  the  soil  in  8  weeks.  On  the  other  hand,  it  must  be  recalled  that 
Shedd  (21)  found  that  only  60  per  cent  of  the  sulfur  added  to  the  soil  was 
oxidized  after  four  months. 

The  relation  of  the  hydrogen-ion  exponents  to  the  per  cent  of  scabby  tubers 
is  shown  in  figure  3.  It  will  be  observed  that  the  300-pound  application  of 
sulfur  reduced  the  quantity  of  scabby  tubers  from  60  per  cent  (indicated  for 
the  check  plots)  to  43.6  per  cent.  This  is  somewhat  striking  since  the  aver- 
age of  the  hydrogen-ion  exponents  of  the  plots  receiving  the  300-pound 
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treatment  is  6.07,  and  at  no  time  during  the  growing  season  did  the  exponents 
for  these  plots  show  values  lower  than  5.7,  which  is  considerably  above  the 
highest  exponent  value  found  by  Gillespie  (9)  to  inhibit  growth  of  the  scab 
organism  in  culture  media. 

The  per  cent  of  scabby  tubers  among  the  primes  harvested  from  the  plots 
treated  with  600  pounds  and  those  treated  with  900  pounds  of  sulfur  per  acre 
was  nearly  the  same,  being  26.9  per  cent  of  the  total  yield  of  primes  for  the 
former  and  26.3  per  cent  for  the  latter,  as  compared  with  60  per  cent  for  the 
check  plots.  The  average  values  of  the  hydrogen-ion  exponents  for  the  plots 
which  had  received  the  600-pound  treatment  and  for  those  which  had  received 
the  900-pound  treatment  were  5.57  and  5.25,  respectively.  It  is  to  be  re- 
called here  that  the  check  plots  in  the  preceding  experiments  showing  average 
hydrogen-ion  exponent  values  of  5.57  and  6.03  yielded  a  very  high  percentage 
of  scabby  potatoes.  The  marked  decrease  in  the  per  cent  of  diseased  tubers 
among  the  primes  3aelded  by  the  plots  treated  with  600  poimds  of  sulfur  per 
acre,  in  spite  of  the  fact  that  the  average  hydrogen-ion  exponent  for  these 
plots  was  as  high  as  5.57,  may  perhaps  be  explained  upon  the  ground  that  at 
one  time  during  the  growing  season  their  hydrogen-ion  exponent  was  as  low 
as  4.93. 

The  plots  receiving  the  1200^und  treatment  showed  the  lowest  hydro- 
gen-ion exponent  values  and  the  lowest  per  cent  (15.7)  of  scabby  tubers 
among  the  primes,  while  the  total  yield,  even  with  this  heavy  application  of 
sulf  ur,  was  considerably  increased  in  comparison  with  the  corresponding  yield 
from  the  check  plots. 

Experiments  with  the  American  Giant  variety 

Experiment  I.  The  soil  on  which  this  experiment  was  conducted  is  a 
heavy  loam  that  had  produced  severely  scabbed  potatoes  the  preceding  year. 
Sulfur  was  applied  at  the  rate  of  300  and  400  poimds  per  acre.  The  results 
of  the  experiment  are  given  in  table  5  and  in  the  diagrams  of  figure  4.  On 
the  basis  of  total  yield,  the  treated  plots  showed  an  increase  over  the  un- 
treated check  plots,  this  increase  amoimting  to  20.5  bushels  per  acre  for  the 
300-poimd  treatments  and  5.8  bushels  per  acre  for  the  600-pound  treatments. 
From  table  5  it  will  be  seen  that  the  per  cent  of  scabby  tubers  in  the  primes 
was  greatly  reduced  by  the  sulfur  treatments.  Of  the  total  yield  of  primes 
from  the  imtreated  plots  82  per  cent  were  diseased  while  the  plots  treated 
with  300  pounds  of  sulfur  per  acre  and  those  receiving  the  400-pound  treat- 
ment gave  total  3delds  of  primes  of  which  only  23.6  per  cent  and  15.8  per 
cent,  respectively,  were  scabby. 

The  relation  of  the  hydrogen-ion  exponents  of  the  soil  samples  from  the 
plots  in  this  experiment  to  the  per  cent  of  scabby  tubers  is  shown  in  figure  4» 
Soil  samples  taken  before  the  sulfur  applications  were  made  gave  an  average 
hydrogen-ion  exponent  value  of  5.6.    At  the  time  of  harvesting,  the  average 
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300  Lbs.   Solfur    400  Lbs.  Sulfur 
247.7  3xL.  Per  A.  Z47.'r  Su.  Per  A. 
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pH  5.95 

I      I    Cleea 
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Fig.  4.  Diagram  Showing  the  Relation  of  Sulpxtr  Treatbcents  to  Hitorogen-Ion 
Concentration  and  the  Per  Cent  of  Clean  and  Salable  Scabby  Tubers 
IN  the  Primes — ^American  Giant  Variety,  Experiment  I 


TABLE  5 

Influence  of  sulfur  aptUcations  on  total  yield,  per  cent  of  scabby  tubers  amd  kydroffin^Um 

concentration 


TRXATUENT 


Check* 

500  pounds  sulfurf 

400  pounds  sulfurf 

*  Average  of  6  plots, 
t  Average  of  4  plots. 


TOTAL 
YIELD 


btukelsper 
acr$ 

280.8 
301.3 
286.6 


YZEU>  07  PRIMES 


Cle&n 


buskthper 
acre 

240.8 
247.7 
247.7 


Scabby 


P§rc4nt 

82.0 
23.6 
15.8 


huskdsfw 
acre 

40.0 
53.6 
38.9 


▼ALuss  or 

SOIL 


5.55 
5.07 
4.90 
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hydrc^en-ion  exponent  values  of  soil  samples  taken  from  the  check  plots  was 
5.55  while  the  corresponding  exponent  values  for  the  samples  from  the  plots 
treated  with  300  pounds  and  from  those  treated  with  400  pounds  of  sulfur 
per  acre  were  5.07  and  4.90,  respectively.  It  will  thus  be  observed  from 
table  5  and  from  the  diagrams  of  figure  4  that  with  each  decrease  in  the  value 
of  the  hydrogen-ion  exponents  below  that  of  the  check  plots,  a  corresponding 
decrease  occurred  in  the  per  cent  of  scabby  tubers  among  the  primes. 

Experiment  II.  This  experiment  was  conducted  on  a  light  sandy  loam  soil 
underlaid  at  a  shallow  depth  by  a  greensand  marl.  In  1918  potatoes  grown 
in  the  field  had  been  severely  scabbed.  Sulfur  was  applied  at  the  rate  of  500 
and  700  poimds  per  acre.  The  results  are  presented  in  table  6.  The  data 
of  this  table  indicate  a  reduction  of  44.8  bushek  per  acre  for  the  plots  treated 
with  500  pounds  of  sulf \ur  in  comparison  with  the  corresponding  jridds  from 
the  check  plots.    It  is  questionable,  however,  whether  this  decrease  in  yield 


TABLE  6 

TOTAL 
YOtLD 

TBXO  ov  nims 

TBXiXXF 
nOOMDS 

PH 

▼ALUn  OF 

Clflui 

Scablv 

■OIL 
EZntACXS 

Check*        

buskOsptr 
acr$ 

247.3 
202.5 
250.8 

aer§ 
1S4.4 
161.2 
191.6 

fwemU 

64.4 
38.8 
23.8 

busMsper 
aer§ 

62.8 
41.3 
59.1 

5.6 

500  ixninds  sulfurt 

4.8 

700  poun^  sulfurt 

4.8 

*AveEBgeof  6  plots, 
t  Avenge  of  4  plots. 

can  be  ascribed  to  the  sulfur  treatment,  since  the  plots  receiving  the  700- 
pound  application  gave  an  increase  of  3.5  bushels  per  acre  over  the  3delds  from 
the  chedL  plots.  A  much  lower  percentage  of  scabby  tubers* was  obtained 
from  the  treated  than  from  the  untreated  plots.  This  decrease  in  the  per- 
centage of  scabby  tubers  was  much  more  pronoimced  than  is  apparent  from 
the  figures  given  in  the  table,  since  the  tubers  from  the  treated  plots  classified 
as  scabby  showed  fewer  lesions  than  did  those  from  the  check  plots. 

The  relation  of  the  hydrogen-ion  exponents  of  the  soil  samples  collected 
from  the  treated  and  untreated  plots  to  the  yields  of  scabby  and  clean  tubers 
is  shown  in  the  diagrams  of  figure  5.  Soil  samples  taken  before  the  sulfur  ap- 
plications were  made  gave  an  average  hydrogen-ion  exponent  value  of  5.8. 
At  the  time  of  harvesting,  the  average  hydrogen-ion  exponent  values  of  the 
soil  samples  from  the  check  plots  treated  with  700  pounds  and  from  those 
treated  with  500  pounds  of  sulfur  per  acre  was  4.8  in  both  cases.  Despite 
this  fact  the  per  cent  of  scabby  tubers  among  the  primes  harvested  from  the 
plots  treated  with  700  pounds  was  lower  than  from  those  treated  with  500 
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pounds,  being  23.8  for  the  former  and  38.8  for  the  latter,  as  compared  with 
M.4  for  the  check  plots. 

In  this  experiment  the  amount  of  scab  on  the  tubers  from  the  treated  plots 
was  reduced  to  only  a  few  lesions.  It  is  doubtful  whether  scab  could  be 
entirely,  eliminated  from  the  crop  even  by  heavier  applications  of  sulfur,  since 
the  exponent  values  resulting  frorb  the  400  and  700-pound  applications  are 
considerably  lower  than  the  exponent  shown  by  Gillespie  (7)  to  inhibit  the 
growth  of  the  scab  organism  in  culture  media. 


Chsclc 
134.4  Bu.  ¥9V  A. 


700  Us«  Qttlfttr 


900  hhm.  Sulfur 
161.2  Bu«  Ver  A. 


pB  4.8 


Clean 


l«  4.8 
SalaMe 


Fig.  5.  Diagram  Showing  the  Relation  of  Suirm  T^ubathents  to  Hia>R0GEN^Iav 
Concentration  and  the  Per  Cent  or  Clean  and  Salable  Scabby  Tubers 
IN  the  Primes — ^American  Giant  Variety,  Experiment  n 

The  necessity  of  determining  the  hydrogen-ion  concentration  of  the  soil 
before  making  sulfur  applications  is  evident  from  the  experiments  here  re- 
ported. In  the  case  of  three  of  these,  soil  samples  taken  before  the  sulfur 
applications  were  made  showed  an  average  hydrogen-ion  concentration  of  5.66. 
At  the  time  of  harvesting  the  average  hydrogen-ion  exponent  values  of  the 
soil  samples  from  plots  receiving  300  pounds  of  sulfur  per  acre  was  approxi- 
mately the  same  as  where  larger  amounts  (400  to  700  pounds)  were  used,  being 
4.92  for  the  former  and  from  4.8  to  4.9  for  the  latter.  Scab  was  likewise 
approximately  as  well  controlled  on  the  plots  receiving  the  300-poimd  appli- 
cation as  where  the  heavier  applications  were  made,  the  percentage  of  scabby 
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tubers  in  the  primes  being  28.5  for  the  former  and  from  15.8  to  38.8  for  the 
latter.  In  the  other  two  experiments  soil  samples  taken  before  the  sulfur 
applications  were  made  showed  an  average  exponent  value  of  6.26,  and  here 
the  heavier  applications  of  sulfur  (400  to  1200  pounds)  not  only  gave  a  greater 
decrease  in  the  exponent  values  than  the  lighter  applications  (300  pounds) 
but  with  each  decrease  in  the  value  of  the  hydrogen-ion  exponents  below  that 
of  the  check  plots,  a  corresponding  decrease  occurred  in  the  per  cent  of  scabby 
tubers  among  the  primes. 

SUMMARY 

With  due  regard  for  the  limitations  of  the  experiments  here  rq)orted,  re- 
sulting from  the  fact  that  they  were  conducted  for  one  year  only,  the  following 
points  may  be  advanced. 

1.  With  the  difiFerent  amounts  of  sulfur  used,  all  gave  substantial  gains  in 
the  number  of  clean  tubers.  With  the  heaviest  application,  however,  scab 
was  not  entirely  eliminated. 

2.  The  results  would  indicate  that  with  those  varieties  of  potatoes  known 
to  scab  severely  the  use  of  sulfur  in  the  proper  amount  will  render  a  large 
portion  of  the  crop  salable. 

3.  In  all  cases,  following  applications  of  sulfur  there  was  an  increase  in 
-soil  acidity  as  measured  by  the  hydrogen-ion  concentration  of  soil  extracts. 
In  most  instances  this  increase  in  acidity,  corresponding  to  a  decrease  in 
hydrogen-ion  exponent,  was  in  proportion  to  the  amoimt  of  sulfur  applied. 

4.  With  a  decrease  in  hydrogen-ion  concentration  there  was  a  decrease 
in  the  number  of  scabby  tubers. 

5.  The  necessity  of  knowing  the  soil  reaction  before  sulfur  applications  are 
made  is  evident  from  the  fact  that  where  the  hydrogen-ion  concentration  of 
water  extracts  of  soil  samples  taken  before  the  sulfur  applications  were  made 
was  5.8  or  less,  the  lighter  applications  (300  to  500  pounds)  gave  approxi- 
mately as  good  control  of  scab  as  the  heavier  applications  (700  to  1200  pounds). 
Where  the  initial  exponent  was  greater  than  6.0  the  heavier  applications  gave 
the  best  control. 

6.  The  results  of  the  present  work  would  indicate  that  the  limiting  exponent 
for  the  growth  of  the  scab  organism  is  lower  in  soil  than  in  culture  media. 
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INTRODUCTION 

Soil  fertility  can  not  be  maintained  if  crops  are  removed  from  the  land  and 
not  enough  of  the  plant-food  is  returned  to  the  soil  to  compensate  it  for  the 
loss.  In  spite  of  some  contentions  to  the  contrary,  it  can  not  even  be  main- 
tained, if  a  strictly  Uve-stock  type  of  farming  is  practiced,  in  which  all  crops 
are  fed  to  the  farm  animals  and  manure  is  carefully  preserved  and  returned  to 
the  soil.  If  animals  themselves  or  animal  products,  such  as  milk,  cheese, 
wool,  eggs,  etc.,  are  removed  from  the  farm,  a  considerable  amount  of  soQ 
fertiUty  is  carried  away.  As  a  general  rule,  the  bam3rard  manure  is  not 
carefully  conserved  on  American  farms,  and  before  it  reaches  the  field  more 
or  less  of  the  plant-food  is  lost  through  ammonification,  leaching,  etc.  More- 
over, there  is  a  considerable  loss  of  plant-food  from  soil  in  the  drainage  water 
through  washing  during  excessive  rains  and  leaching.  If  we  are  to  preserve 
the  present  status  of  soil  fertility,  therefore,  we  must  in  some  way  periodically 
compensate  soil  for  the  constant  loss  in  its  fertility.  This  being  established, 
it  implies  that  such  compensation  on  a  national  scale  must  be  largely  in  the 
form  of  the  application  of  some  chemical  fertilizers,  the  nature  of  which 
might  vary  considerably,  depending  on  the  character  of  the  soil,  climatic 
conditions,  and  the  systems  and  methods  of  farming. 

Regardless  of  the  nature  and  the  kind  of  fertilizer  materials  to  be  used 
most  advantageously  under  different  conditions,  it  is  of  considerable  impor- 
tance that  the  question  of  the  effect  of  these  materials  on  some  soil  properties 
should  be  studied. 

Soil  moisture  is  one  of  the  most  important  factors  in  crop  production. 
Broadly  speaking,  the  conservation  of  soil  moisture  in  order  to  have  an  ample 
water  supply  at  the  proper  time  for  the  germination  of  seed,  growth  and 
development  of  crops  is  a  subject  of  much  study  and  consideration  among 
the  agriculturists  of  to-day.  The  present  study  was  undertaken  with  the 
hope  of  obtaining  some  additional  information  on  the  subject  of  the  effect  of 
some  chemical  substances  on  evaporation,  capillary  rise  and  distribution  of 
water  in  some  agricultural  soils. 
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ILEVIEW  OF  LITERATURE  ON  THE  EFFECT  OF  S0LX7BLE  SALTS  ON  EVAPORATION 

OF    ^OIL    liOISTURE 

There  are  several  men  who  have  contributed  to  our  knowledge  on  the 
general  subject  of  the  effect  of  chemical  compounds  on  the  evaporation  of 
water  from  soils. 

Warington  (18),  in  his  book  on  ''Ph3^cal  Properties  of  Soils/'  dted  Johnson 
and  Armsby  of  Connecticut  and  King  of  Wisconsin,  who  did  some  woik 
along  this  line.  They  foimd  that  "saline  matter  of  the  soil,  or  of  additions 
of  saline  manures"  veiy  materially  decreases  the  evaporation  of  soil  water. 
The  action  of  these  materials  was  attributed  to  the  fact  that  a  slight  crust 
was  formed  on  the  surface  and  completely  filled  up  the  interstices  of  soil. 
"From  this  point  of  view,"  adds  Warington  (18,  p.  118),  "salts  of  little  solu- 
bility, as  g3^imi,  should  be  those  which  most  effectively  hinder  evaporation." 

Buffum  (5)  in  stud3dng  alkali  soils  of  Wyoming,  was  impressed  with  the 
fact  that  all  alkali  soils  appear  damp,  when  adjoining  lands  may  be  almost 
perfectly  dry.  Thinking  that  the  salts  of  alkali  lands  prevented^the  loss  of 
water,  he  treated  some  normal  soil  in  pots  with  solutions  of  various  concentra- 
tions of  sodium  chloride,  sodium  carbonate,  sodium  sulfate,  magnesium  sul- 
fate and  sugar.  He  found  that  every  one  of  these  substances  diminishes  the 
evaporation,  and  that  their  effect  is  increased  with  the  concentration.  When 
about  2.2  per  cent  of  alkali  salts  were  present  in  soS,  the  evaporation  of  water 
from  the  soil  decreased  to  about  one-half,  as  compared  with  the  untreated  soil 

Briggs  (2),  working  with  sodium  chloride,  sodium  carbonate  and  sodium 
sulfate,  substantiated  Buffum's  results.  Explaining  the  effect  of  soluble 
salts  on  the  evaporation  of  soil  water,  he  presented  an  excellent  discussion  on 
the  rdle  of  surface  tension,  viscosity  and  vapor  pressure  as  contributing  to 
the  results  found.  Since  his  quantitative  results  and  also  those  of  Buffum's 
experiments  considerably  exceeded  those  that  could  be  justified  from  theo- 
retical consideration  of  the  three  factors  mentioned  above,  Briggs  attributed 
•  them  to  the  crystallization  of  salts  at  the  surface,  thus  forming  a  mulch. 

Mohr  (16),  in  1909,  studying  the  rate  of  evaporation  from  water  and  so3 
surfaces,  had  noticed  that  at  the  beginning  evaporation  was  greater  from  the 
soil,  but  later  decreased  until  it  was  less  than  from  the  water  surface.  It 
would  seem  that  this  change  in  the  rate  of  evaporation  in  case  of  soil  might 
be  due  to  the  effect  of  soluble  salts  in  that  soS.  When  their  amount  became 
large  enough  at  the  surface  to  modify  considerably  the  concentration  of  the 
soil  solution,  its  effect  on  the  rate  of  evaporation  became  pronounced. 

Dumus  (7)  in  1911  studied  the  effect  of  some  salts  on  evaporation  of  water 
from  soil  in  tumblers.  His  results  show  that  soluble  salts  decrease  the  evapo- 
ration. 

More  recently  Harris  and  Robinson  (8)  have  tested  the  effect  of  a  solution 
of  sodium  chloride  on  quartz  sand  in  small  porcelain  crucibles.  The  salt 
concentration  was  varied  from  half  normal  to  7  times  normal.    The  evapo- 
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ration  was  allowed  to  take  place  under  a  bell  jar  in  order  to  avoid  air  cur- 
rents. The  results  show  that  with  the  increase  in  concentration  of  sodium 
chloride  the  evaporation  gradually  decreased. 

This  brief  perusal  of  some  of  the  available  literature  on  the  subject  shows 
very  clearly  that  the  soluble  and  insoluble  salts  affect  to  some  extent  the  rate 
at  which  water  evaporates  from  the  soil.  However,  the  data  are  not  avafl- 
able  on  this  subject  that  would  tend  to  show  how  lime  and  some  of  the  soluble 
salts  which  are  often  used  in  agricultural  practice  would  influence  the  rate  of 
water  evaporation  from  some  agrictiltural  soils,  when  water  is  supplied  and 
constantly  brought  from  a  given  depth  bdow  the  sofl  surface.  Also,  what 
rdation,  if  any,  exists  between  evaporation  of  sofl  water,  capfllary  rise  and 
eventual  distribution  of  sofl  water  as  influenced  by  these  chemical  substances? 
In  the  present  study  an  endeavor  is  made  to  add  some  data  on  this  subject 

EFFECT    OF   DIFFERENT   CHEMICAL    SUBSTANCES    ON    EVAPORATION  OF   WATER 

FROM  DIFFERENT  SOILS 

Procedure 

In  the  present  work  only  chemicaUy  pure  substances  were  used  for  treating 
the  soQs. 

After  some  preliminaiy  trials  it  was  decided  to  adhere  to  the  foUowing 
general  procedure.  Cylinders,  12  inches  long  and  4  inches  in  diameter,  with 
the  bottoms  made  of  wire  gauze,  were  fifled  uniformly  and  with  considerable 
packing,  with  sand  or  an  air-<iried  sofl.  Then  the  surface  three  inches  of  the 
sofl  was  removed  and  thoroughly  mixed  with  7.6  gm.  of  a  given  salt  or  lime, 
and  the  sofl  was  packed  back  into  the  cylinder.  Since  the  surface  of  the  ex- 
posed area  in  the  cylinders  equals  12.566  square  inches,  the  application  of 
7.6  gm.  of  chemical  substance  represents  approximately  1  ton  to  the  acre. 
To  prevent  any  chemical  action  of  sofl  solution  on  the  galvanized  iron  of  the 
cylinders,  the  inner  walls  of  the  cylinders  were  carefuUy  coated  with  melted 
paraffine  before  filling  in  the  sofl.  The  cylinders  containing  the  sofl,  when 
placed  in  their  special  bases,  formed  units  similar  to  evaporimeters  made  by 
the  Central  Scientific  Company  of  Chicago.  Distifled  water  was  supplied 
from  these  base  containers  which  served  as  reservoirs,  thus  keeping  the  base 
of  the  sofl  column  always  moist.  The  whole  apparatus  was  weighed  from 
time  to  time,  usuaUy  every  other  day.  Livingston's  (IS)  porous  cup  atmome- 
ter  was  set  up  among  the  sofl  evaporimeters  and  the  evaporation  of  water  from 
this  atmometer  was  observed  during  the  period  of  experiments.  The  evapori- 
meters were  placed  in  a  greenhouse  and  the  evaporation  continued  from  35  to 
50  days. 

Results  and  discussion 

The  results  with  sea  sand,  Sassafras  medium  sandy  loam,  Perm  loam, 
Elkton  day  loam,  and  muck,  treated  with  ammonium  sulfate,  potassium 
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sulfate,  magnesium  sulfate,  sodium  chloride,  caldiun  nitrate,  potassium 
diphosphate  and  caldum  oxide,  are  given  in  tables  1,  2,  3,  4,  and  5  and  simi- 
marized  graphically  in  figure  1.  Later,  when  larger  cylinders  were  set  up 
for  determining  the  effect  of  the  application  of  sodium  chloride,  potassium 
monophosphate  and  caldum  oxide  on  the  moisture  content  of  brown  silt  loam, 

TABLE  1 

Efect  of  diferent  salts  a$id  Ume  on  the  evaporation  of  water  from  sea  sand 

£]q)erimeixt  continued  37  days 


nKATMXMT 

CYUMinCK 

AVOLAOB 

DXCBXASXOVBK 
mmEAIBD 

WATEK  SAVED 

1 

2 

Untreated 

313 
113 
132 
190 
94 
93 
114 
215 

gm. 
355 
105 
138 
239 
156 
96 
108 
316 

gm, 

334 

109 
135 
215 
125 
95 
111 
266 
656 

gm. 

225 
199 
119 
209 
239 
223 
68 

^ctnt 

(NH4)4S04 

65.7 

KtSOi 

59.6 

MffSOi 

35.7 

NaQ 

62.6 

Ca(NQi)i 

71.6 

KHtPOi ...... 

66.8 

CaO 

20.3 

Atn^ometer .....  r  r . . 

TABLE  2 

Effect  of  different  salts  and  time  on  evaporation  of  water  from  Sassafras  medium  sandy  loam 

Experiment  continued  50  days 


nXATMKMT 

CYUMDBR 

AVKRAOB 

DBCRBASB  OVER 
UNIRBAIBD 

WATER  SAVED 

1 

2 

BYTRBATIIEMT 

Untreated 

gm. 
641 
477 
555 
476 
397 
422 
611 
628 

gm. 

610 
482 
558 
495 
388 
428 
548 
579 

gm. 

626 

480 
557 
486 
393 
425 
580 
604 
708 

gm. 

146 
69 

140 

233 

201 

46 

22 

per  cent 

(NH4)2S04 

23.32 

KjSOi 

11.02 

MkSOa 

22.37 

NaCl 

37.22 

Ca(NQj)i 

32.11 

KTTjPOi 

7.35 

CaO      

3.51 

Atrnonieter . . . .  r  - , . . 

additional  data  on  the  influence  of  these  substances  on  the  evaporation  of 
water  from  soil  were  obtained.  These  figures,  comprising  an  observation  of  a 
10-day  period,  are  given  in  table  6. 

The  results  with  different  soils  and  chemicals  show  several  interesting 
features.  When  the  applications  are  made  in  the  amounts  used  in  these 
experiments  all  the  above-mentioned  soluble  salts  and  the  base  decrease  the 
rate  of  evaporation  of  water  from  the  soils  studied.    Their  effect,  however, 
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varies  considerably  with  different  soils.  Generally  speaking,  the  influence 
of  soluble  salts  is  most  pronounced  in  the  sea  sand  and  least  pronounced  in 
the  Penn  loam.  Also  the  depressing  effect  is  greater  in  the  Elkton  clay  loam 
than  in  the  Sassafras  sandy  loam.  Likewise,  the  behavior  of  some  individual 
substances  with  different  soils  is  worth  noticing.     Sodium  chloride,  for  ex- 

TABLE  3 

Effect  of  different  salts  and  lime  on  ike  evaporation  of  water  from  Penn  loam 

Experiment  continued  41  days 


CyUNDEK 

AVnAOX 

XfMtTXKAXMtD 

WATER  SAVXD 

1 

2 

Untreated 

966 
734 
867 
789 
761 
802 
902 
841 

gm, 

953 
751 
832 
780 
741 
779 
888 
875 

gm. 
960 
743 
850 
785 
751 
791 
895 
858 
697 

gm. 

217 
110 
175 
209 
169 
65 
102 

percemi 

(NH|)iS04 

22.6 

EltSOi 

11.5 

MsSOa 

18.2 

NaQ 

21.8 

Ca(NQj)i 

17.6 

KHjPOi 

6.8 

CaO 

10.6      • 

Atmometer . . , .  t  ^ , . . 

TABLE  4 

Effect  of  different  salts  and  lime  on  the  evaporation  of  water  from  Elkton  day  loam 

Experiment  continued  35  days 


TSKATICBMT 

CYUNDXR 

AVXXAOS 

UMTRKATXD 

WATER  SAVXD 

>          1 

2 

BYTRSATIfXMT 

Untreated 

gm. 
917 
542 
590 
570 
383 
441 
485 
232 

gm. 
882 
638 
698 
576 
385 
467 
629 
343 

gm. 
900 
590 
644 
573 
384 
454 
557 
288 
590 

gm. 

310 

256 
327 
516 
446 
343 
612 

ptr  cent 

(NHi)«SO« 

34.4 

K1SO4 

28.4 

MgSOi 

36.3 

NaQ 

57.3 

Ca(NQj)j 

49.6 

k:tt,pOi 

38.1 

CaO 

68.0 

Atmometer 

ample,  is  among  the  most  effective  in  checking  the  evaporation  of  water  from 
nearly  every  soil  studied,  while  potassium  sulfate  and  potassium  phosphate 
could  be  ranked  as  among  the  least  effective.  Ammonium  sulfate  and  mag- 
nesium sulfate  occupy  rather  an  intermediate  position  in  this  respect.  The 
action  of  lime  is  especially  interesting.  With  sand,  sandy  loam  and  Penn 
loam,  calcium  oxide  in  the  amount  applied  is  one  of  the  least  effective;  its 
effect  on  muck  is  relatively  much  more  pronounced,  while  in  clay  loam  it  is 
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the  most  efficient  in  decreasing  the  evaporation  of  water,  as  compared  with 
the  salts  studied. 

The  relative  rate  of  evaporation  of  moisture  in  the  lime  and  salt  treated 
soils  can  be  studied  in  figure  1  and  also  figure  4.  In  the  latter  figure,  in  which 
ammonium  sulfate,  sodium  chloride,  and  calcium  oxide  were  compared  in 
sandy  loam  and  day  loam,  the  relative  position  of  soils  treated  with  different 
substances  is  worthy  of  consideration.    In  comparison  with  the  untreated 

TABLE  5 

Effect  of  dijfermU  salts  and  Ume  on  ike  evaporation  of  water  from  muck 

Ezperiment  continued  41  days 


nxAimiiT 

CTUHDKa 

AVXIAGB 

DKCUA8B0VXK 
TORUAIBD 

WAiniATID 

1 

2 

BTTUEAmmT 

Untreated 

1014 
765 
888 
896 
437 
486 
672 
612 

900 
767 
921 
801 
318 
562 
698 
533 

gm, 

957 
766 
905 
849 
378 
524 
685 
573 
567 

191 
52 
108 
579 
433 
272 
384 

frtma 

(NH4)iS04 

20.0 

KiSOi 

5.4 

MgSOi 

11.3 

Naa 

60.5 

Ca(NQj)i 

45.5 

KHsFOi 

28.8 

CaO 

40.3 

TABLE  6 

Effect  of  different  chemical  substances  on  eeaporation  of  water  from  brown  sUt  loam;  data  repre- 
sent grams  of  water  evaporated  from  cinders  in  10  days  and  the  amount  and  per  cent  of  water 
saved  by  each  treatment  • 


TRSATMnrr 

cnonyn 

AVnAOB 

1 

2 

Untreated 

gm, 

577 
390 
558 
507 

gm, 

618 
398 
554 
551 

gm. 
598 
394 
556 
529 

CM. 

204 
42 
69 

ptre^ut 

Naa 

34.11 

EsHFOa 

7.02 

CaO 

11.54 

soil,  ammonium  sulfate  and  sodium  chloride  occupy  the  same  general  posi- 
tion in  relation  to  one  another.  The  curve  of  the  limed  sandy  soil,  however, 
runs  next  to  the  curve  of  the  untreated  soil,  while  the  curve  of  the  limed 
clay  loam  drops  to  the  lowest  place.  The  respective  data  for  soils  treated 
with  potassium  phosphate  (see  tables  15  and  16)  also  show  a  pronounced 
difference.  In  day  loam  the  effect  of  this  salt  is  equal  to  that  of  ammonium 
sulfate,  while  in  sandy  loam  its  effect  is  considerably  smaller  than  that  of  the 
latter  salt. 
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In  connection  with  the  results  obtained  the  inquiry  naturally  arises  as  to 
why  different  chemical  substances  act  so  differently,  when  applied  to  the 
same  soil,  and  why  the  behavior  of  lime,  as  well  as  that  of  potassiimi  phos- 
phate, is  apparently  different  in  different  soils. 

In  the  attempt  to  answer  the  geneial  inquiry  several  factors  must  be  con- 
sidered as  the  agencies  contributing  to  the  variations  in  the  effect  of  different 
chemical  substances  on  various  soils  studied. 

With  an  increase  in  the  concentration  of  the  salt  solution  the  vapor  pres- 
sure is  decreased.  This  well  known  fact  of  physical  chemistry  is  of  prime 
importance  in  understanding  the  effect  of  soluble  salts  on  the  evaporation  of 
water  from  soils,  for  the  vapor  pressure  is  defined  by  a  physical  chemist  as 
the  "tendency  shown  by  the  substances  to  pass  from  the  liquid  or  solid  into 
the  gaseous  state,"  i.e.,  for  evaporation  of  water  from  solution  or  soil  surface. 
It  is  logical  to  suppose  that  this  general  law  is  applicable  to  soil  solutions  with 
some  possible  modifications  brought  about  by  any  physical  or  chemical 
changes  in  soil  due  to  the  introduction  of  these  chemical  substances  to  the 
soil. 

Again,  different  salts  of  the  same  absolute  concentration  vary  considerably 
in  their  property  to  decrease  the  vapor  pressure  of  the  resultant  solution. 
Some  of  the  salts  studied  in  the  present  work  have,  according  to  Tam- 
mann  (17),  the  following  order  of  their  efficiency  in  this  respect:  NaCl> 
(NHOsSOi  >  KjSOi  >  KH,  PO4  >  MgSO*.  For  the  lack  of  more  direct  data 
bearing  on  the  subject  studied,  this  general  fact  might  be  helpful  in  under- 
standing the  results  obtained  on  the  evaporation  of  water  from  soils  treated 
with  these  salts. 

When  a  given  soluble  salt,  or  a  solution  of  this  salt,  is  added  to  the  soil,  the 
concentration  of  soil  solution  is  increased.  The  extent  of  the  increase  in  con- 
centration of  soil  solution  varies  very  greatly,  depending  on  the  salt  or  the 
texture  of  the  soil.  Bouyoucos  and  McCool  (1),  using  OAN  solutions  of 
different  salts  with  different  soils  have  shown  that  efficiency  in  increasing  the 
concentration  of  the  soil  solution  was  greater  in  Ught  sandy  soils  and  de- 
creased with  the  heavier  types  of  soil.  For  the  individual  salts  the  efficiency 
followed  generally  the  following  order,  with  the  salts  studied  in  the  present  work: 
Ca(Na)2  >(NH4)iS04  >MgS04  >K2S04  >  K,HP04.  The  difference  between 
magnesium  sulfate  and  potassium  sulfate  is  not  so  striking,  while  the  relative 
gradation  from  calcium  nitrate  to  potassium  phosphate  is  very  pronounced. 
Referring  again  to  tables  1, 2, 3, 4  and  5,  or  to  the  graphical  representation 
in  figure  1,  one  observes  that  the  order  of  efficiency  in  depressing  the  water 
evaporation  in  soils  for  the  salts  mentioned  above  is  very  similar  to  the  order 
of  their  efficiency  in  increasing  the  concentration  of  the  soil  solution,  if  added 
in  solutions  of  O.liV  concentration.  In  Sassafras  sandy  loam  and  muck  this  order 
is  caldum  nitrate  >ammoniimi  sulfate  >  magnesium  sulfate  >  potassium  sul- 
fate >  potassium  phosphate.  In  Elkton  day  loam  ammonium  sulfate  changes 
places  with  magnesium  sulfate;  the  remaining  salts  retain  their  position.    In 
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sea  sand  magnesium  sulfate  is  less  effective  than  potassium  sulf ate,  the  posi- 
tions of  the  remaining  salts  being  unchanged. 

DISTSIBUXION  OF  SOLUBLE  SALTS  IN  TREATED  SOILS 

The  relation  of  the  effect  of  different  salts  on  water  evaporation  in  our 
experiments  could  not  be  expected  to  be  entirely  parallel  with  the  effect  of 
these  salts  on  the  concentration  of  soil  solution,  when  applied  in  concentra- 
tions equal  to  OAN,  because  the  rate  of  application  in  oiu:  experiment  was 
widely  different  from  that  in  Bouyoucos  and  McCool's  experiment.  Yet, 
the  parallel  is  very  striking. 

In  order  to  verify  this  important  fact,  the  concentration  of  the  soil  sdu- 
tion  at  different  depths  of  the  soil  cylinders  was  determined  with  the  use  of 
the  freezing-point  method  (1).  Determinations  were  made  at  the  end  of  the 
experiment,  adhering  to  the  following  general  procedure. 

Procedure 

The  soil  from  one  of  the  two  cylinders  of  each  treatment  was  taken  out  in 
1-inch  layers  down  to  6  inches,  air-dried,  and  to  a  given  sample  of  soil  enough 
water  was  added  to  make  it  into  a  conveniently  workable  mud  ball.  For  a 
given  soil  the  ratio  of  soil  to  water  remained  constant.  For  the  sea  sand  25 
gm.  of  sand  and  4  cc.  of  distilled  water  were  used;  for  Elkton  day  loam  20  gm. 
of  soil  and  6  cc.  of  water;  for  Penn  loam,  20  gm.  of  soil  and  6.5  cc  of  water; 
and  10  gm.  of  muck  was  mixed  with  10  cc.  of  water.  These  quantities  of  pre- 
pared material  were  placed  in  glass  tubes,  and  freezing-point  determinations 
were  made.  The  soil  in  the  second  of  the  two  cylinders  of  each  treatment 
was  flushed  with  2  inches  of  distilled  water  (412  cc.  per  12.566  square  inches 
of  the  exposed  surface  of  the  soil)  and  allowed  to  drain;  likewise,  1-inch  layers 
of  soil  were  taken  out,  dried  and  the  concentrations  of  the  soil  solution  deter- 
mined by  the  same  method.  After  every  two  or  three  duplicate  samples  of 
soil  the  freezing-point  determination  of  distilled  water  was  made. 

Results  and  discussion 

The  results  are  recorded  in  tables  7,  8,  9  and  10,  an  examination  of  which 
reveals  a  very  interesting  relation  of  the  effect  of  different  substances  on  the 
evaporation  of  water  from  soils.  Remembering  that  all  these  substances 
were  applied  to  the  upper  3  inches  of  the  soil,  the  data  show  that  at  the  end 
of  the  experiment  most  of  the  salts  were  brought  to  the  surface  and  there 
deposited.  It  may  be  mentioned  in  passing  that  the  results  show  that  prac- 
tically no  diffusion  of  salts  took  place  downward  against  the  rise  of  capillary 
water.  Sodium  chloride  affords  an  exception  in  both  sand  (in  the  fourth 
inch)  and  muck  (fourth  and  fifth  inches),  where  slight  diffusion  evidently 
took  place  during  the  37  days  of  the  duration  of  the  experiment. 
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If  we  will  consider  the  osmotic  concentrations  of  the  soil  solution  in  the 
surface  inch  of  soil  of  the  unleached  cylinder  for  different  substances,  as  illus- 
trated in  figure  2,  and  compare  the  order  of  the  magnitudes  of  these  concen- 

TABLE  7 

CancefUration  of  soil  soluUon  of  sea  sand  at  differetU  depths  in  the  evapoHmeters  at  the  end  of 

expeftmcnt 
The  determinations  were  made  both  before  and  after  leaching  the  sand  with  2  inches  of 
water;  data  represent  average  of  two  determinations;  25  gm.  of  sand  and  4  cc.  of  distilled 
water  mixed  together  for  the  test 


Untreated 

Unleached . 

Leached . . . 
(NHOiSOi 

Unleached. 

Leached... 
EsS04 

Unleached . 

Leached . . . 
MgSOi 

Unleached. 

Leached... 
NaCl 

Unleached . 

Leached . . . 
Ca(NQj), 

Unleached . 

Leached . . . 
K2HPO4 

Unleached. 

Leached . . . 
CaO 

Unleached . 

Leached . . . 


DEPTH  ntOIC  SDKTACE 


1  inch 


0.030 
0.006 

2.030 
0.349 

1.830 
0.160 

1.226 
0.410 


2 
0.194 

1.797 
0.168 

0.082 
0.050 


aim. 


360 


0. 
0.07 

24.40 
4.21 

22.00 
1.93 

14.75 
0.49 


2.582 
1.68420.25 


33 
2.34 

21.30 
2.03 

0.99 
0. 


2  inches 


II 


•c. 


006 
0.008 

0.071 
0.136 

0.075 
0.045 

0.012 
0.041 


31.000.398 
0.167 


700. 


301 
0.098 

0.058 
0.089 


600 


0.021 
.041 


0.07 
0.10 

0.86 
1.53 

0.90 
0.54 

0.15 
0.49 

4.80 
2.01 

3.63 
1.18 

0.70 
1.07 

0.25 
0.49 


3  inches 


0.007 
0.008 

0.061 
0.103 

0.030 
0.046 

0.011 
0.042 

0.088 
0.141 

0.021 
0.096 

0.022 
0.068 

0.010 
0.036 


aim. 


080 
.100 

74|0 
240 

360 
550 

130 
510 

.060 
700 

.25|0 
160 

270 
820 

.120 
430 


4  inches 


.011 
.011 

.034 
.083 

.017 
.044 

.066 
.040 

.031 
.158 

.017 
.088 

.009 
.055 

.011 
.037 


atm. 


5  inches 


•c. 


0.130.010 
0.130.011 

0.410.019 
1.000.080 

0.20'0.015 
0.530.046 

0.07i0.004 
0.480.040 

0.370.004 
1.910.177 

0.200.014 
1.060.063 

0.110.009 
0.660.052 

0.130.006 
0.450.031 


aim. 


120 
130 

230 
970 

180 
550 

050 
480 

050 
130 

170 
760 

110 
630 

070 
370 


6  indies 


•c. 

.007 
.011 

.016 
.076 

1.015 
I.045* 

.003 
1.038 

.005 
>.173 

1.010 
.045 

1.011 
.056 

.009 
.022 


0.08 
0.13 

0.19 
0.92 

0.18 
0.54 

0.04 
0.46 

0.06 
2.09 

0.12 
0.54 

0.13 
0.68 

0.11 
0.27 


*  One  determination. 

trations  with  the  depressive  effect  of  different  substances  on  the  evaporation 
of  water  from  the  same  soil,  we  find  that  these  values  run  in  parallel  fairly  well. 
For  the  sake  of  simplicity  let  us  temporarily  exclude  from  discussion  potas- 
sium phosphate  and  lime.    Then  in  sea  sand  the  order  of  magnitude  of  osmotic 
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concentrations  for  the  different  treatments  is  calcium  nitrate  >  sodium  chloride 
>  ammonium  sulfate  >  potassium  sulfate  >  magnesium  sulfate,  and  this  is 
exactly  the  order  of  depressive  effect  of  these  salts  on  evaporation  (fig.  1).  For 
Elkton  day  loam  and  muck  the  order  for  osmotic  concentrations  is  sodium  chlor- 

TABLE  8 
ConcentraUon  of  Elkton  day  loam  at  difermU  depths  in  the  ooaporimeters  at  the  end  cf  experimeni 
The  detennmations  were  made  both  before  and  after  learhmg  the  soil  with  2  Inches  of 
water;  data  represent  average  of  two  determinatians;  20  gm.  soil  and  6  cc  of  distiUed 
water  mixed  together  for  the  test 


Untreated 

Unleached. 

Leached... 
(NH4)sS04 

Unleached. 

Leached... 
K,S04 

Unleached. 

Leached... 
MgS04 

Unleached. 

Leached... 
NaQ 

Unleached. 

Leached... 
Ca(NO,), 

Unleached. 

L«ached... 
K1HPO4 

Unleached. 

Leached... 
CaO 

Unleached. 

Leached... 


OBFXH  nOM  lUKVACX 


linch 


0.156 
0.114 

1.323 
0.634 

0.897 
0.509 

0.449 
0.102 

4.043 
2.152 

2.094 
1.200 

0.238 
0.162 

0.114 
0.066 


aim. 


880 


1 
1.38 

15.92 
7.64 


.020 
0.032 

0.086 
0.239 


800 


10 
6.13 

5.41 
1 


230 


600 


48 
24.76 

25.16 
14.44 


870 


2 
1.95 

1.38 
0.80 


2inchef 


•c.« 


052 
0.094 


0.049 
086 


161 
0.599 

0.055 
0.284 


043 
0.062 

0.034 
0.053 


240 
390 


040 


1 
2.88 

0.63 
1.13 

0.59 
1. 


040 


940 


1. 
7.22 


660 


0 
3.42 

0.52 
0 


75  0 


0.41 
0. 


640 


3  inches 


•c. 

.018 
.028 


.051 
0.164 

0.025 
0.097 


0.038 
136 


067 
0.137 


.029 
0.232 


0.020 
.035 


0.033 
051 


0.21 
0.34 

0.62 
1. 

0.30 
1.17 


460 


0 
1.53 

0.81 
3.82 

0.35 
2 


d&O 


240 


0. 
0.42 


400 


0. 
0.62 


iinchct 


•c. 

0.019 
0.020 

0.046 
0.134 

0.022 
0.056 


.020 
0.133 

0.026 
0.263 


0.021 
172 


.011 
0.029 


014 
0.045 


0.23 
0 


240 


0.018 
021 


0.55 
1.51 

0.27 
0.68 

0.24 
1.49 

0.31 
3.17 

0.25 
2.07 

0.13 
0.35 

0.17 
0 


540 


Sinchct 


0.014 
0.101 

0.017 
0.058 

0.019 
0.080 

0.022 
0.260 

0.021 
0.142 

0.009 
0.029 


0.014 
.046 


aim. 


22  0 


0 
0.25 

0.17 
1.22 


018 
0.020 

0.013 
0.037 


200 
700 


0.23 
0.97 

0.27 
3.13 

0.25 
1 


710 


0.11 
0.35 

0.17 
0.55 


t 


•c. 


.017 
1.057 


0.018 
0.073 

0.016 
0.235 


0.021 
.119 


0.010 
0.025 

0.013 
0.038 


0.22 
0.24 

0.16 
0.45 

0.20 
0.69 

0.22 
0.88 

0.19 
2.83 

0.25 
1.44 

0.12 
0.30 

0.16 
0.46 


ide  >  calcium  nitrate  >  ammonium  sidf ate  >  potassium  sulfate  >  magnesium 
sulfate.  The  order  of  their  effectiveness  in  retarding  the  evaporation  is  also 
the  same  with  the  exception  of  magnesium  sulfate.  The  latter  salt  in  day 
and  muck  soils  in  this  respect  is  more  effective  than  potassium  sulfate.  This 
fact,  moreover,  is  brought  out  by  every  soil  studied  (fig.  1),  sand  bdng  an 
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exception.  Perhaps  the  behavior  of  this  salt  is  due  to  its  efiFect  on  the  ph3rsi- 
cal  properties  of  soils  studied.  In  sand  the  salts  probably  were  practically 
unchanged  (with  the  exception  of  ammonium  sulfate,  which  perhaps  was 
partly  nitrified).  In  the  soils,  however,  some  reactions  took  place,  such  as 
double  decomposition,  exchange  of  bases,-  absorption  and  adsorption.  Some 
of  these  reactions,  undoubtedly,  have  very  considerably  modified  the  soil 
solution  qualitatively;  they  also  afiFected  the  physical  conditions  of  the  soils. 
This  latter  effect  is  also  somewhat  noticeable  in  the  case  of  potassium  pho&- 
phate  and  espedaUy  in  that  of  calcium  oxide.  Only  in  sea  sand  the  applied 
potassium  phosphate  retained  a  considerable  concentration  of  the  soil  solu- 

TABLE9 

Concentration  of  soil  solution  of  Fenn  loam  <U  different  depths  in  evaporimeters  <U  the  end  of 

experiment 
The  detenninations  were  made  both  before  and  after  leaching  the  soil  with  2  inches  of 
water;  data  represent  average  of  two  determinations;  20  gm.  of  soil  and  6|  cc.  of  distilled 
water  mixed  together  for  the  test 


TRSATIBNT 


Untreated 

Unleached . . 

Leached 

{NH4)tS04 

Unleached . . 

Leached 

CaO 

Unleached . . 

Leached 


DXPTH  ROM  SUKVACB 


1  inch 


ii 


c. 

0.151 

0.130 

1.691 
0.615 

0.099 
0.057 


atm, 

1.82 

1.46 

20.33 
7.41 

1.19 
0.69 


2  inches 


C. 

0.018 

0.027 

0.143 
0.232 

0.023 
0.033 


aim. 

0.22 

0.33 

1.72 
2.80 

0.28 
0 


400 


3  inches 


V. 
0.014 
0.016 

0.043 
0.116 


0.019 
019 


aim. 
0.17 
0.19 

0.52 
1.40 

0.23 
0.23 


4  inches 


C. 

0.009 

0.005 

0.009 


0.019 


P 


atm. 
0.11 
0.06 

0.11 


0.23 


5  inches 


C. 

0.008 

0.006 

0.011 
0.064 

0.018 
0.016 


V 


atm. 

0. 

0.07 


100 


0.13 
0.77 

0.22 
0.19 


6  indies 


'C. 
008 
0.008 


0.016 
0.016 


1« 
§8 


0.10 
0.10 


0.010  0.12 


0.19 
0.19 


tion.  In  both  Elkton  clay  loam  and  muck  the  soil  solution  with  this  salt 
showed  a  very  slight  increase  in  concentration  over  the  untreated  soil.  The 
decrease  in  evaporation  of  water  due  to  this  salt  was  unproportionally  large, 
as  one  would  notice  by  comparing  the  data  in  figures  1  and  2  for  potassium 
sidfate  and  potassium  phosphate. 

If  we  are  going  to  apply  the  same  criterion  in  the  study  of  the  behavior 
of  calcium  oxide,  the  results  obtained  are  still  more  striking.  The  concen- 
tration of  the  soil  solution  of  soils  or  sand  treated  with  this  substance  is  very 
small,  in  all  three  soils  studied  it  was  even  slightly  lower  than  the  concentra- 
tion of  the  soil  solution  in  the  untreated  cylinder.  Its  effect  on  evaporation 
is  slight  in  sandy  loam,  larger  in  Penn  loam,  still  greater  in  muck,  and  was 
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very  great  indeed  in  Elkton  day  loam.  In  this  latter  soil  its  influence  was 
l?reater  than  that  of  any  other  salt  tried.  There  is  a  very  strong  possibility 
that  the  effect  of  calcium  oxide  on  the  change  in  physical  condition  of  the 
day  soil  was  responsible  for  such  enormous  decrease  in  the  evaporated  water. 


TABLE  10 
ConcenifQtion  of  soil  solution  of  muck  at  different  depths  in  the  evaporation  at  the  end  of  experiment 
The  determinations  were  made  both  before  and  after  leadiing  the  sand  with  2  indies  of 
water;  data  represent  average  of  two  determinations;  10  gm.  of  muck  and  10  cc.  of  distilled 
water  used  for  the  test 


TRSATMENT 


Untreated 

Unleadied.. . 

Leadied 

(NH4),S04 

Unlei^ed . . . 

Leadied 

KtS04 

Unleached . . . 

Leached 

MgSOi 

Unleached . . . 

Leached 

NaCl 

Unleached . . . 

Leached 

Ca(NO.), 

Unleadied . . . 

Leached 

EaHP04 

Unleached . . . 

Leached 

CaO 

Unleadied . . . 

Leached 


OSPTH  ntOM  SURPACE 


1  inch 


•c. 

.230 
.140 

.824 
.367 

.568 
236 

269 
131 

.242 
225 

358 
388 

286 
101 

180 
080 


aim. 

2.77 

1.69 

8.92 
4.42 


0.061 
0.141 

0.255 
0.448 


840 
840 


240 


3. 

1.47 

26.93 
2.71 

16.34 
4.68 

3.45 
1.22 

2.17 
0.97 


2  inches 


.109 
.290 


083 
0.133 

0.957 
0.592 

0.124 
0.680 

0.092 
0.144 

0.056 
0.090 


aim 

0. 

1 


740 
700 


070 
400 


1.32 
3 


500 


000 


1 
1.49 


.52  0 


11 
7.13 


500 


1 
8.19 


110 
730 


0.68 
1 


090 


3  inches 


•c. 

.060 

.088 

.121 
.297 


0.074 
219 


.082 
0.132 


406 
1.064 


075 
0.455 


.069 
.113 


0.054 
091 


P 


atm, 

0.72 
1.06 


0.063 
0.045 


460 


1 
3.58 

0.89 
2 


080 
0.110 


640 


0.99 
1.48 

4. 
12.81 


900 


0 
5.48 

0.83 
1. 


360 


0.65 
1.10 


4  inch 


0.074 
160 


0.076 
0.093 

0.218 
0.935 


.068 
0.150 


0.070 
.096 


0.062 
0.062 


aim, 

0.76 
0.54 

0.97 
1.33 

0.89 
1.93 

0.92 
1.12 

2.63 
11.26 

0.82 
1.81 

0.84 
1. 


160 


0.75 
0.75 


5  inches 


C. 

0.062 

0.035 

0.064 
0.046 

0.068 
0.094 

0.065 
0.057 

0.106 
0.708 

0.068 
0.054 


0.066 
.061 


0.058 
0.062 


i3 


aim. 

0.75 
0.42 

0.77 
0.55 

0.82 
1.13 

0.78 
0.69 

1.28 
8.53 

0.82 
0.65 

0.80 
0.74 

0.70 
0.75 


6  inches 


C. 

0.062 

0.034 

0.060 
0.038 

0.067 
0.055 

0.057 
0.040 

0.054 
0.435 

0.066 
0.054 

0.068 
0.050 

0.055 
0.040 


atm. 

0.75 

0.41 

0.72 
0.46 

0.81 
0.66 

0.69 
0.48 

0.65 

5.24 

0.80 
0.65 

0.82 
0.60 

0.66 
0.48 


Further,  in  connection  with  the  results  on  the  determination  of  solution 
concentrations  in  the  different  soils  (tables  7,  8,  9  and  10)  it  might  be  men- 
tioned that  the  salts  are  fairly  well  washed  down  with  the  2  inches  of  water. 
Even  in  Elkton  clay  loam  these  salts  in  all  cases  go  down  farther  than  6  inches. 
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EFFECT  OF  CHEMICAL  SUBSTANCES  ON  THE  CAFILLAKY  RISE  OF  WATER  IN  SOILS 

Besides  the  physico-chemical  phenomena  of  the  resultant  soil  sedation 
being  responsible  for  the  observed  behavior  of  these  substances  in  rhecting 
the  evaporation  of  water  from  soils,  there  should  be  mentioned  another  factor 
that  might  influence  the  evaporation  of  water.  As  it  was  pointed  oat 
previously,  the  substances  were  mixed  in  the  3-inch  la3^r  of  the  soiL  Thus 
the  water  had  to  pass  through  the  soil  with  these  different  substances  before 
reaching  the  surface.  It  is  possible,  therefore,  that  thdr  influence  on  the 
capillary  rise  of  water  was  partly  responsible  for  their  final  effect  on  the 
evaporation. 
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Fio.  2.  OsMonc  Concentration  or  the  Son,  Solution  of  the  Surface  Inch  of 
Different  Soils  in  Cylinders  Under  Various  Salt  TRSAUfSNTS 

Review  of  literature 

The  effect  of  chemical  substances  on  the  capillary  rise  of  water  in  soil  has 
been  studied  by  several  investigators.  Wollny  (20)  found  that  salts  which 
are  most  readily  adsorbed  by  soils  produce  little  effect  on  the  capillary  move- 
ment of  water,  while  non-adsorbed  salts  cause  a  depression  in  capillarity,  the 
effect  being  increased  with  the  concentration. 

Kravkov  (14),  using  solutions  of  K2HPO4,  Na4HP04,  K2SO4,  (NH4)jS04, 
NaNQs,  NaCl  and  Na^COs  of  lA^  02N  and  O.liV  concentrations  with  a  sandy 
soil  in  glass  tubes  45  cm.  in  height,  foimd  that  all  salts  decreased  the  capillary 
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rise  of  water,  as  compared  with  the  distilled  water.  Thedepressive  action 
of  each  salt  increased  with  the  concentration  of  the  solution.  The  order  in  which 
water  reached  the  top  of  the  tubes  for  various  soluble  salts  was  as  follows: 
H2O  >NaNQB  >NaCl  >Na«Ca  >K^04  >  (NHOj  SO4  >K,HP04  >Na,HP04. 
FortwoinsolublesaltstheorderwasasfoUows:  CaS04>CaC0k  >HsO.  Thusit 
is  shown  that  phosphates,  being  the  ones  that  would  be  absorbed  by  soil  most 
readily,  caused  the  greatest  retardation,  while  chloride  and  nitrate  of  sodium 
(the  least  absorbed)  had  the  least  influence.  The  insoluble  salts,  such  as 
g3^um  and  calcium  carbonate,  hastened  the  capillary  rise,  as  compared  with 
the  distilled  water.    These  results  are  contradictory  to  the  findings  of  WoUny. 

King  (11),  working  with  an  0.08  per  cent  solution  of  potassium  nitrate, 
found  that  tubes  filled  with  moist  soil  when  treated  with  the  salt  solution 
lost  22.8  per  cent  more  water  than  the  untreated  soil.  Since  the  water  was 
supplied  from  below  in  18-inch  tubes,  the  data  show  that  the  application  of 
salt  caused  both  increased  capillary  rise  and  evaporation.  As  a  result  of 
later  studies  by  both  King  himself  and  others,  he  takes  the  opposite  view  and 
gives  (12)  a  theoretical  reasoning  for  the  retarding  action  of  soluble  salts  upon 
capillary  movement  and  evaporation  of  soil  water. 

Briggs  and  Lapham  (3)  studied  the  effect  of  three  sodium  salts,  NaCl, 
Na^COi  and  Na8S04,  on  the  capillary  rise  of  water  in  Sea  Island  (fine  sandy 
•  loam)  soil,  using  in  parallel  0.5N  and  saturated  solutions  of  these  salts.  The 
results  show  that  in  the  case  of  0,SN  solutions  sodium  chloride  and  sodium 
sulfate  caused  very  little  depression  in  the  capillary  rise,  while  sodium  car- 
bonate slightly  accelerated  it.  When  the  saturated  solutions  were  used  the 
first  two  salts  caused  very  considerable  retardation  in  capillary  movement, 
while  sodium  carbonate  was  effective  to  a  lesser  d^ee,  though  causing  a 
depression.  These  authors  explained  the  action  of  sodium  chloride  and  that 
of  sodium  sulfate  by  "the  resistance  to  a  tangential  shearing  stress  presented 
by  the  thin  layer  of  liquid  near  its  bounding  edge"  (3,  p.  7)  when  that  liquid 
contains  a  considerable  amount  of  salt.  The  action  of  sodium  carbonate  was 
explained  by  the  fact  that  this  salt,  being  a  product  of  strong  base  and  weak 
add,  slightly  hydrolyzes  in  water  solution.  Sodium  hydroxide,  thus  formed, 
acts  on  the  oily  substances  of  soil  producing  the  water-soluble  sodium  salt 
or  soap.  This  cleans  the  surface  of  the  soil  particles,  causing  its  easier  and 
quicker  wetting  by  the  rising  water.  In  conclusion  the  authors  make  an 
interesting  deduction  that  "bH  salts  which  undergo  an  alkaline  hydrolysis, 
viz.,  potassium  and  sodium  carbonates,  borates,  phosphates,  etc.,"  should 
affect  the  capillary  power  of  soils  in  a  similar  way,  as  noticed  in  the  case  of 
sodium  carbonate. 

Kossovich  (13)  in  1910,  studying  sodium  chloride  and  sodium  carbonate 
in  dednormal  solutions  on  sand,  loess  clay  and  moor  day,  found  that  in  this 
concentration  the  influence  of  salts  was  not  marked  on  the  sand  but  more 
pronounced  on  the  days.  In  general,  sodium  chloride  was  found  to  hasten 
the  rise  of  water,  while  sodium  carbonate  hindered  the  process. 
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Investigating  the  same  general  question,  Pavis  (6)  used  KsCO^  KG, 
PjOft,  KHSO4,  CaS04,  CaHP04,  NH4NQ8,  and  mixtures  of  P2O6  with  Krf:(\ 
PsOs  with  KHSO4  and  CaS04  with  CaHP04  on  silt  loam  soil  He  concluded 
that  potassium  bisulfate  and  a  mixture  of  phosphoric  add  with  potassium 
bisulfate  lower  the  rate  of  capillary  flow,  that  the  influence  of  phosphoric  add 
and  potassium  chloride  is  very  insignificant,  and  that  the  other  salts  and 
mixtures  studied  with  this  soil  accderate  the  movement  of  capillary  water. 

In  view  of  the  conflicting  results,  as  observed  by  different  investigators 
mentioned  above,  it  was  deemed  advisable  to  test  several  of  the  substances 
used  in  the  evaporation  experiments  as  to  their  action  on  some  agricultural 
soils.  It  was  dedded  to  use  NaCl  as  one  of  the  least  absorbed  salts,  K2HPO4 
for  the  most  absorbed  salt,  (NH4)2S04  for  the  intermediate,  and  CaO  for  the 
least  soluble  substance  used.  Soils  used  were  Brown  silt  loam,  typical  prairie 
soil,  and  Drab  day,  as  the  heavy  type  of  soil.  With  (NH4)sS04  Elkton  day 
loam,  the  same  soil  as  was  used  in  the  evaporation  experiments,  was  employed. 


Procedure 

With  brown  silt  loam  and  drab  day  the  procedure  of  the  experiment  was 
as  follows:  Either  lime  or  the  different  salts  were  mixed  with  the  air-dried 
soil  at  the  rate  of  1  per  cent,  which  corresponded  with  the  proportions  in  the 
evaporimeters,  where  applications  at  the  rate  of  1  ton  per  acre  were  made 
to  the  first  3  inches  of  soil.    The  glass  tubes,  24  inches  high  and  1.75  inches 

TABLE  11 

'  Efect  of  different  chemical  substances  on  the  capillary  rise  of  water  in  brown  sUt  ham 

Data  represent  height  of  rise  of  water  in  indies 


TTlRKXAnO 

Naa 

(NH4)iS0i 

KsHPOi 

CaO 

1 

2 

Aver- 
age 

1 

2 

Avei^ 
age 

1 

2 

Aver- 
age 

in. 

1 
in. 

2 

in. 

Avcr- 
•ce 

in. 

1 
in. 

2 
in. 

Avei- 
age 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

1 

10.1 

10.5 

5.3 

5.5 

5.5 

5.5 

10.4 

10.6 

11.7 

11.9 

11.8 

11.4 

11.3 

11.4 

2 

14.5 

15.2 

14.9 

7.1 

7.2 

7.2 

14.7 

14.9 

14.8 

17.0 

17.2 

17.1 

15.6 

15.4 

15.5 

3 

17.0 

17.7 

17.4 

8.1 

8.1 

8.1 

17.6 

17.6 

17.6 

20.1 

20.4 

20.3 

18.2 

17.9 

18.1 

4 

18.6 

19.3 

19.0 

8.4 

8.5 

8.5 

19.2 

19.2 

19.2 

22.0 

22.2 

22.1 

19.5 

19.3 

19.4 

5 

19.8 

20.5 

20.2 

9.9 

9.0 

9.0 

20.4 

20.5 

20.5 

23.3 

23.3 

23.3 

20.6 

20.4 

20.5 

6 

20.9 

21.4 

21.2 

9.5 

9.7 

9.6 

21.7 

21.6 

21.7 

21.6 

21.5 

21.6 

7 

21.3 

22.1 

21.7 

10.2 

10.4 

10.3 

22.6 

22.5 

22.6 

22.2 

22.1 

22.2 

10 

10.9 

11.2 

11.1 

15 

12.2 

12.5 

12.4 

20 

13.8 

14.1 

14.0 

25 

14.8 

15.1 

15.0 

30 

15.7 

16.0 

15.9 

35 

16.5 

16.8 

16.7 

45 

18.0 

18.1 

18.1 

55 

19.4 

19.5 

19.5 

Digitized  by 


Google 


EFFECT  OF  SOLUBLE  SALTS  AND  LIME  ON  SOIL  MOISTUltE 


425 


in  diameter,  were  filled  and  uniformly  packed  with  the  treated  and  imtreated 
soil.  A  double  thickness  of  cheese-cloth  was  tied  around  the  lower  end  of 
each  tube.  The  soil  tubes  were  sfet  in  a  trough,  in  which  there  was  a  constant 
circulation  of  tap  water.  The  height  to  which  water  rose  in  the  tubes  of 
different  treatments,  as  observed  periodically,  is  reported  in  tables  11  and  12^ 
In  the  test  with  Elkton  clay  loam  2  per  cent  of  ammonium  sulfate  was  used^ 
The  procedure  in  this  case  was  practically  the  same  with  the  exception  that 
the  inside  diameter  of  the  tubes  was  1  inch  and  that  distilled  water  was  em- 
ployed instead  of  tap  water.    The  results  are  recorded  in  table  13. 

TABLE  12 

Efut  of  different  chemical  substances  on  the  capiUary  rise  of  water  in  drab  day 

Data  represent  height  of  rise  of  water  in  inches 


VNTUAnO 

NaCl 

(NB4)sS0« 

KtH?0« 

CaO 

DAYS 

I 

2 

Aveiw 

I 

2 

Avw- 

1 

2 

Avow 

1 

2 

Aver- 

1 

2 

Avei^ 

in. 

in. 

age 

age 

in. 

age 

in. 

in. 

age 

•ge 

*in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

I 

2.3 

2.1 

2.2 

0.8 

0.8 

0.8 

2.0 

2.1 

2.1 

2.5 

3.1 

2.8 

6.0 

5.2 

5.6 

2 

3.2 

3.1 

3.2 

1.3 

1.2 

2.3 

3.1 

3.2 

3.2 

3.3 

4.1 

3.7 

7.6 

6.7 

7.2 

3. 

3.9 

3.7 

3.8 

1.6 

1.6 

1.6 

3.6 

3.8 

3.7 

4.0 

4.7 

4.4 

8.3 

7.5 

7.9* 

4 

4.3 

4.1 

4.2 

2.0 

1.9 

2.0 

4.1 

4.3 

4.2 

4.3 

5.1 

4.7 

8.7 

7.9 

8.3^ 

6 

5.0 

4.8 

4.9 

2.4 

2.5 

2.5 

4.8 

5.0 

4.9 

4.9 

5.7 

5.3 

9.3 

8.6 

9.0' 

8 

5.4 

5.1 

5.3 

2.8 

2.8 

2.8 

5.4 

5.5 

5.5 

5.3 

6.0 

5.7 

9.6 

8.9 

9.3- 

10 

5.8 

5.5 

5.7 

3.2 

3.1 

3.2 

5.8 

5.9 

5.9 

5.5 

6.2 

5.9 

9.8 

9.1 

9.5- 

12 

6.3 

5.9 

6.1 

3.5 

3.5 

3.5 

6.2 

6.4 

6.3 

6.0 

6.8 

6.4 

9.8 

9.3 

9.6. 

14 

6.6 

6.2 

6.4 

3.7 

3.7 

3.7 

6.5 

6.8 

6.7 

6.3 

7.1 

6.7 

10.0 

9.4 

9.r 

16 

7.0 

6.5 

6.8 

4.0 

3.9 

4.0 

6.9 

7.1 

7.0 

6.6 

7.3 

7.0 

10.0 

9.4 

9,7 

18 

7.3 

6.8 

7.1 

4.3 

4.3 

4.3 

7.2 

7.3 

7.3 

7.0 

7.7 

7.4 

10.1 

9.5 

9.8 

21 

7.7 

7.2 

7.5 

4.7 

4.6 

4.7 

7.7 

7.8 

7.8 

7.3 

8.0 

7.7 

10.2 

9.6 

9.9 

Results  and  discussion 

It  is  interesting  to  note  that  in  the  brown  silt  I^am  (table  11)  sodium 
chloride  caused  a  very  marked  depression  in  the  capillary  rise  of  water,  and 
potassium  phosphate  slightly  accelerated  it,  while  neither  ammonium  sulfate 
nor  calciiun  oxide  had  any  pronounced  influence.  The  action  of  sodium 
chloride  and  ammonium  sulfate  in  drab  clay  (table  12)  was  very  similar  to 
their  action  on  brown  silt  loam,  namely,  the  first  one  retarded  the  capillary 
movement  of  water,  while  the  second  one  had  no  influence  on  it  Potassium 
phosphate,  unlike  in  its  action  on  brown  silt  loam,  had  no  effect  on  the  rate 
of  capillary  flow  of  water.  Calcium  oxide,  on  the  other  hand,  considerably 
accelerated  the  rise  of  capillary  water,  the  capillary  action  being  mostly  in 
the  first  two  or  three  da3rs,  almost  stopping  toward  the  end  of  the  experiment. 

In  the  light  of  the  present  knowledge  of  absorption  of  salts  by  soils  the 
results  with  sodium  chloride  were  not  unexpected.    This  salt,  being  but 
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little  absorbed,  would  greatly  increase  the  viscosity  of  the  soil  solution,  thus 
causing  a  retardation  in  the  movement  of  capillary  water.  This  general  rule, 
however,  evidently  does  not  hold  true  in  the  case  of  ammonium  sulfate,  which, 
according  to  the  determination  of  the  osmotic  pressure  of  the  soil  solution 
of  the  treated  soil  (tables  7,  8,  9  and  10),  greatly  increased  the  concentration 
of  soil  solution  in  every  soil  studied.  We  may  very  conveniently  apply  Briggs 
and  Lapham's  (3)  explanation  for  the  action  of  potassium  phosphate,  whidi 
is  based  on  the  assumption  that  potassium  phosphate  hydrolizes  in  the  soil, 
forming  potassium  hydroxide.  The  latter  base  acts  on  the  oily  substances  hi 
the  soil,  dissolves  them,  forms  soap,  and  thus  assists  in  the  wetting  of  the  soil 
by  the  soil  solution.  The  same  explanation,  however,  can  not  be  applied  to 
the  action  of  ammonium  sulfate. 

TABLE  13 

Effect  of  ammamum  sulfate  (2  per  cent)  on  the  capillary  rise  of  water  in  Elkton  day  loam 

Data  represent  height  of  water  rise  in  inches 


(NH«)*S0« 

UHTKEATSD 

DAYB 

1 

2 

Aveiage 

1 

2 

Avenge 

m. 

in. 

in. 

in. 

in. 

ff». 

1 

8.5 

7.5 

8.0 

10.0 

10.8 

10.4 

2 

10.5 

9.0 

9.8 

12.8 

13.3 

13.1 

3 

11.5 

10.3 

10.4 

14.0 

14.8 

14.4 

4 

12.7 

11.0 

11.9 

15.8 

16.3 

16.1 

6 

14.3 

12.5 

13.4 

18.0 

18.3 

18.2 

8 

15.3 

13.8 

14.6 

19.5 

19.8 

19.7 

10 

16.3 

14.8 

15.6 

20.8 

21.3 

21.1 

12 

17.5 

15.8 

16.7 

22.8 

22.8 

22.8 

14 

18.0 

16.3 

17.7 

24.0 

24.0 

24.0 

19 

19.0 

17.5 

18.3 

25.5 

25.5 

25.5 

26 

20.5 

19.0 

19.8 

.28.3 

28.3 

28.3 

30 

21.3 

19.8 

20.6 

29.3 

29.3. 

29.3 

The  action  of  calcium  oxide  on  the  physical  properties  of  drab  day  was 
evidently  responsible  for  the  acceleration  of  water  movement.  The  behavior 
of  the  water  curve  in  the  lime  tubes  was  very  similar  to  that  which  could  be 
expected  in  sandy  soil.  It  is  possible  that  the  coagulating  action  of  lime 
on  the  colloids  of  the  drab  clay  produced  a  granular  structure  which  resulted 
in  a  reduction  of  the  internal  surface  similar  to  that  found  in  sandy  types  of 
soil.  Being  a  lighter  type,  brown  silt  loam  was  not  sufficiently  modified  by 
lime  in  this  respect  to  cause  the  change  in  its  property  of  capillarity. 

Referring  now  to  table  13,  one  notices  that  in  this  case  the  application  of 
2  per  cent  ammonium  sulfate  to  Elkton  clay  loam  caused  a  very  pronounced 
decrease  in  the  capillary  rise  of  water,  as  compared  with  the  untreated  soil. 
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CORSELATION    BETWEEN    ACTION   OP    DIFFERENT    SALTS    IN    EVAPORATION 
AND  CAPILLARY  RISE  OF  WATER 

In  studjdng  tables  1,  2,  3,  4,  5,  11,  12  and  13,  one  notices  but  very  little 
correlation  between  evaporation  from  soils  under  different  treatments  and 
the  capillary  rise  of  water  in  some  soils.  It  is  true  that  sodium  chloride,  one 
of  the  most  efficient  in  depressing  the  evaporation  of  water,  causes  a  consider- 
able decrease  in  the  capillary  rise  of  water.  This  case,  however,  is  rather  an 
exception  and  not  a  rule.  Neither  ammonium  sulfate,  potassium  pho^hate, 
nor  calcium  oxide  show  any  such  correlation  between  diese  two  phenomena. 
Ammonium  sulfate  caused  considerable  decrease  in  the  evaporation  of  water, 
but  was  without  influence  on  the  capillary  rise,  when  applied  at  the  rate  of 
1  per  cent,  and  displayed  its  action  only  when  applied  at  the  rate  of  2  per 
cent.  The  lack  of  correlation  in  the  case  of  potassium  phosphate  and  cal« 
dum  oxide  is  still  more  pronounced.  The  first  substance  in  the  case  of  brown 
silt  loam  and  the  second  one  in  the  case  of  drab  clay  caused  an  acceleration 
of  capillary  rise  of  water,  yet  both  these  substances  caused  a  decrease  in  the 
evaporation  of  water  in  the  respective  types  of  soil.  In  this  respect  the  action 
of  lime  is  most  interesting.  It  caused  the  greatest  decrease  in  the  amount 
of  evaporated  water  in  clay  soil  in  spite  of  the  fact  that  in  the  similar  soil 
it  increased  the  capillary  rise  of  water  (tables  4  and  12). 

EFFECT  OF  DIFFERENT  CHEMICAL  SUBSTANCES  ON  THE  MOISTURE  CONTENT 
OF  BROWN  SILT  LOAM 

In  view  of  the  fact  that  the  evaporation  of  water  from  several  soils  treated 
with  various  chemical  substances  has  little  dependence  upon  the  effect  of  these 
substances  on  the  capillary  water  rise,  it  would  be  interesting  and  instructive 
to  know  whether  or  not  a  given  soil,  so  treated,  would  contain  more  water 
than  the  untreated  soil,  and  how  this  water  is  distributed  at  different  depths 
of  the  soil  column.  King  (10),  for  instance,  has  observed  that,  while  manured 
and  unmanured  plots  had  practically  the  same  amount  of  water  in  6  feet  of 
soil,  the  manured  plot  had  considerably  more  water  in  the  first  and  second 
foot  than  the  unmanured  plot.  Although  the  solid  portion  of  manure  may 
have  played  the  largest  part  in  modifying  the  physical  property  of  the  soil, 
yet  the  rdle  of  the  soluble  salts  in  manure  also  might  be  appreciable. 

In  order  to  throw  some  light  on  this  question  it  was  decided  to  add  some 
chemical  substances  to  brown  silt  loam,  as  one  of  the  most  typical  soils  of  the 
prairie  region.  The  substances  selected  were:  sodium  chloride,  as  one  of  the 
least  absorbed  salts;  potassiimi  diphosphate,  as  one  of  the  most  absorbed 
salts;  and  calciimi  oxide,  the  substance  often  used  for  correcting  soil  acidity. 
Besides,  its  conversion  (partial  at  least)  into  a  carbonate  form,  which  is  most 
commonly  used  in  farm  practice,  would  take  place  in  the  soil  under  the  condi- 
tions of  this  experiment. 
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Procedure 

Galvanized  iron  cylinders,  18  inches  long  and  6  inches  in  diameter,  were 
used  for  the  puipose.  They  were  regular  evapoiimeters  of  a  large  type. 
Around  the  lower  end  of  each  cylinder  a  double  thickness  of  cheeae-doth 
was  tied  securely.  The  air-dried  brown  silt  loam,  sifted  through  a  1/16- 
inch  sieve,  was  packed  uniformly  into  the  cylinders.    Then  the  soil  of  the 

TABLE  14 

Efed  of  appHcaUans  of  chemical  substances  on  the  moisture  conleni  of  brown  siU  loam  at  difereni 
depths  in  cylinders ,  water  beit^  supplied  from  bdow 


tow 

CYLINDER 

nou 

8USYACX 


5-6 

7-8 
^10 
11-14 
15-18 


DUPLI- 
CATK 


1 
2 

1 

2 

1 
2 

1 
.2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 


unt 
35.33 
35 


36.85 
36. 


UMTSEATXO 


1 


cent 

35.53 
.55 


4036 


37.37 
71 


7037 


37.48 
37.61 

38.07 
37.66 

38.69 
38.68 


39.35 
37.8038.06 


40.50 
40.78 

40.11 
39.99 

39.04 
39.25 


Cylin- 
der 
2 


P^ 

cent      cent 

36.05 
35.7035.70 


37 


39.15 
37.99 

39.65 
39.37 


40.3641.04 
40.5041.2040.78 


40.50 
40.37 

39.99 
40.12 

38.79 
39.39 


Avei^ 
age  of 


40.62 
1640.31 


38.22 


40.46 


40.05 


39.41 


NaCl 


1 


39.95 
40.03 

39.53 
39.41 

40.06 


P«r 
cent 

34.79 
34.96 

39.93 
39.68 

39.41 
39.67 

39.67 
39.83 


39.64 
39.1040.0039.26 


39.54 
39.52 

37.51 
37.68 

39.27 
38.82 

40.05 
40.28 


2 


35.38 


40.14 


39.77 


39.61 


37.29 
37.32 

38.16 
37.86 

38.66 
38.45 


Aver- 
age of 
tour 


37.48 
37.4038.6038.07 


39.83 
39.68 

39.62 
39.7940 

38.6038 


39.74 


38.77 
38.3439.0438.28 


37.45 


38.65 


39.36 


KsHPOi 


^ 


pw 


per 

cent 

38.79 


38.49 

39.36 
39.11 


38.5638. 
38, 

35 
36 


35.67 
36.20 


37.2437 


37.36 

37.58 
37.51 


2 


39. 
40 


Aver- 
age of 
roar 


per 
cent 


per 
cent 

38.95 
38.69 


41.3641.97 


9040 


41 


0741 


51 
00l40.84|41. 14141.27 


38.72 


42 
6039.35 


38.32 
36.00 
37.40 
37.53 


OiO 


1 


c^mt 
39.60 
39.52 


42 
41.79 


38.57 
39 


75 


2 


Ptr 


2638 


39.03 
39.25 

39.44 
39.78 

37.33 
36.75 

37.48 
38.25 


6037 


79 
37.99 


39.19 


80 
39.17 
39.40 
36.83 
37.42 
37.78 


3  surface  inches  was  removed  and  thoroughly  mixed  with  19.83  gm.  of  sodium 
chloride,  potassium  phosphate  or  calciiun  oxide.  This  represents  an  applica- 
tion of  one  ton  of  the  substance  per  acre,  as  the  surface  of  the  soil  exposed  to 
evaporation  equals  to  28.27  square  inches.  The  soil  with  the  applied  salt 
was  packed  again  into  the  cylinder.  The  cylinders  were  set  into  a  proper 
receptacle  with  water,  and  allowed  to  stand  in  a  greenhouse  for  33  days. 
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Then  different  layers  of  soil  were  taken  out  and  the  moisture  content  was 
determined.  The  results  are  given  in  table  14  and  presented  graphically  in 
figure  3.  During  10  days  (January  13  to  23)  the  amount  of  evaporated  water 
from  each  cylinder  also  was  determined,  and  the  results  are  given  in  table  6. 

[HesuUs  andjlisoussion 

The  results  showing  the  effect  of  different  substances  were  discussed  in  a 
general  way  with  other  evaporation  data  in  the  first  part  of  this  article.  It 
might  be  mentioned  in  this  connection  that  the  results  for  the  evaporation  of 
the  brown  silt  loam  agree  very  closely  with  the  results  for  the  other  soils  studied. 
Stu^dng  the  data  in  table  14  and  the  accompanying  figure  3,  one  observes 


^^1 


^^ 


§. 


lao- 


Jo/^- 


? 
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4f 
6 


/  U34 


'' 


8lOft0 


am^ 


UNTltEATED 


IsTaCf 


KiIfP04 


CaO 


Fig.  3.  Moisruxx  Contemt  of  Brown  Silt  Loam  at  Different  Depths  in  Cyundrrs 
AS  Influenced  by  Various  TIubatments 

The  treatment  was  in  the  first  3  inches  of  soiL    The  numbers  in  the  columns  represent 
the  depth  in  inches  from  the  surface. 

several  features  that  might  be  of  some  importance.  In  the  untreated  soil 
the  per  cent  of  moisture  gradually  increased  with  the  depth  down  to  the  7-8 
inch  layer.  Then  it  remained  practically  constant,  or  even  slightly  decreased. 
In  the  cylinders  treated  with  sodium  chloride  the  surface  inch  had  practically 
the  same  amount  of  water  as  the  surface  inch  in  the  untreated  cylinders;  the 
moisture,  however,  suddenly  increased  in  the  second  inch  to  the  highest  per 
cent  in  the  cylinder  and  remained  so  down  to  the  9-10  inch  layer. 


Digitized  by 


Google 


430  IC  I.  WOLKOFF 

A  somewhat  siinilar  condition  was  observed  in  the  KaHP04  and  CaO  cylin- 
ders in  that  the  second-  and  third-inch  layers  had  the  highest  moisture  ocmtent 
There  were,  on  the  other  hand,  some  considerable  dijSerences,  since  in  the 
cylinders  with  the  latter  two  treatments  the  moisture  content  of  tiie  4-8  indi 
depth,  being  practically  uniform,  ran  somewhat  lower  than  the  moisture 
content  at  the  2-3  inch  depths  of  the  same  cylinders.  In  all  six  treated  cyUn- 
ders  there  was  a  noticeable  sudden  lowering  in  the  moisture  content  at  the 
depth  of  9-10  inches.    This  may  or  may  not  be  significant. 

There  is  still  another  interesting  difiFerence  between  soils  treated  with 
potassium  monophosphate  and  calcium  oxide,  as  compared  with  the  untreated 
soO.  The  moisture  content  of  the  first  inch  in  the  treated  soils  was  veiy 
markedly  higher  than  that  of  the  surface  inch  in  the  untreated  soil.  Again, 
taking  the  treated  brown  silt  loam  as  a  whole,  under  the  conditions  of  this 
experiment,  one  notices  that  the  amount  of  moisture  in  the  first  8  inches  from 
the  surface  is  considerably  greater  than  in  the  untreated  soil  to  the  same  depth. 
In  spite  of  this  fact,  however,  the  evs^ration  from  the  surface  of  the  treated 
soil  was  less  than  in  the  untreated  soil.  The  water  was  brought  up  from  below 
and  remained  right  beneath  the  surface.  ' 

It  might  be  mentioned  in  this  connection  that  in  the  alkali  or  niter  spots 
there  is  found  an  abundance  of  moisture  in  soil  right  beneath  its  surface. 
The  observations  of  Headden  (9)  might  be  of  some  interest  to  those  wishing 
to  study  this  problem.  It  is  very  probable,  therefore,  that  the  salts  accumu- 
lated at  the  surface  are  largely  responsible  for  the  abundance  of  water  held 
beneath  the  very  thin  layer  of  soil  in  alkali  regions,  though  the  warm  air  and 
high  winds  of  the  West  may  contribute  somewhat  to  creating  these  condi- 
tions, as  has  been  suggested  by  Buckingham  (4). 

EFFECT    OF    ACCUMULATED    SALTS    ON    RATE    OF    WATER    EVAPORATION 

During  the  progress  of  the  experiment  it  was  observed  that  on  the  surface 
of  some  treated  soils  there  would  occur  an  accumulation  of  salts  which  were 
brought  up  with  the  water  and  deposited  in  the  form  of  a  crust  In  the  case 
of  some  salts  this  crust  was  heavier  than  in  others.  Ammonium  sulfate,  for 
instance,  formed  a  very  heavy  crust,  while  this  was  practically  not  noticeable 
in  the  case  of  sodium  chloride.  The  question  might  be  raised  whether  the 
crust  so  formed  would  influence  the  rate  of  water  evaporation.  If  it  exerts 
some  action,  it  should  be  noticeable  in  the  differences  in  the  amount  of  evapo- 
rated water  from  the  treated  and  the  untreated  soils.  For  this  reason  tables 
IS  and  16  and  figure  4  are  given.  They  show  the  progress  of  water  evapo- 
ration in  several-day  periods  of  Sassafras  medium  sandy  loam  and  Elkton  clay 
loam. 

Judging  from  the  figures  in  these  tables  and  the  diagram,  there  was  no 
pronounced  difference  between  the  rate  of  evaporation  at  the  end  of  the 
experiment  and  that  at  the  beginning.    The  differences  in  water  evapora- 
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tion  from  treated  and  untreated  soils  began  at  once  and  progressed  gradually 
and  rather  uniformly  to  the  end.  The  curve  of  the  heavy-crust-forming 
anunonium  sulfate  did  not  differ  in  its  tendency  from  that  of  the  non-crust- 
f oiming  sodium  chloride. 


TABLE  15 

Efed  of  diferent  chemical  substances  on  the  evaporation  ofwaUrJrom  Sassairas  medium  sandy- 
loam 
Data  represent  grains  of  water  evaporated  from  soil  cylinders  at  different  periods;  average 
of  two  determinations  taken 


TRXAZKBHT 

DATS 

4 

8 

13 

17 

22 

27 

32 

36 

40 

48 

Untreated 

(NH4).S04 

NaCl 

gm. 
52 
35 
27 
43 
49 

gm. 
99 
71 
55 
85 
93 

gm. 
149 
105 
S5 
128 
141 

gm. 
193 
137 
113 
167 
183 

gm. 

245 

176 

141 

210 

229 

gm, 

298 

215 

174 

254 

275 

gm 

358 
269 
223 
316 
333 

gm. 

424 

327 

270 

383 

399 

gm. 

490 

380 

312 

450 

466 

gm. 
626 
480 
393 

TrWjPO^ 

580 

CaO 

604 

TABLE  16 
Effect  of  different  chemical  substances  on  evaporation  of  water  from  Elkton  day  loam 
Data  represent  grams  of  water  evi^wrated  from  soil  cylinders  at  different  periods;  average 
of  two  determinations  taken 


TKEATMKKt 

DATS 

5 

10 

15 

21 

25 

30 

35 

Untreated 

gm. 
129 

85 
58 
95 
36 

gm. 
231 
149 
102 
167 
66 

gm. 
382 
239 
168 
261 
110 

gm. 
542 
344 
237 
356 
171 

gm. 
648 
415 
279 
415 
204 

gm. 

819 
432 
353 
511 
272 

gm. 
900 

(NH4)iS0« 

590 

NaCl 

384 

I^HiPn^  .  , 

557 

CaO 

313 

EFFECT  OF  TEXITUSE  OF  SOIL  ON  THE  &ATE  OF  EVAPORATION    OF  WATER 

As  recorded  in  the  description  of  the  procedure  in  conducting  the  experi- 
ments on  the  effect  of  chemical  substances  on  the  evaporation  of  soil  water, 
a  Livingston's  (1S)<  atmometer  cup  was  used  with  the  evaporimeters.  This 
atmometer  being  the  same  throughout  the  experiment,  it  afforded  an  oppor- 
tunity to  study  the  effect  of  the  texture  of  the  soil  on  the  rate  of  water  evapora- 
tion, when  water  was  supplied  12  inches  below  the  surface.  Table  17  gives 
the  amount  of  water  evaporated  from  the  untreated  cylinder  and  from  the 
atmometer  for  each  soil  studied,  and  also  the  ratio  of  the  first  to  the  latter. 
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Fig.  4.  Prooxess  or  Evaposation  or  Waxes  ntoic  Eikton  Clay  Loau  and  Sassaisas 
MsDiuM  Sandy  Loam  as  Imfluxmced  by  Vasious  Tsxaimemts 

Note  the  position  of  the  CaO  curve  in  respect  to  those  of  the  two  salts  in  the  different 
types  of  soiL 

TABLE  17 

Influence  of  texture  of  ike  soil  on  the  eoaporaUon  of  water  from  soil  cylinders  12  inches  in  de^th^ 
water  being  supplied  from  hdow 


Sea  sand 

Sassafras  medium  sandy  loam 

Penn  loam 

Eikton  day  loam 

Muck 


WATB& 
■VAPORATKD 

PSOM 

UimXATSD 

CYLINDER 

(A) 

WATER 
XVAFORAnD 

TROIC 
ATMOMKXBR 

(B) 

RATIO  a:  B 

gm. 

gm. 

334 

656 

0.509 

626 

708 

0.884 

960 

697 

1.377 

900 

590 

1.525 

957 

567 

1.688 

This  ratio  was  the  smallest  for  the  sea  sand,  and  gradually  increased  with 
the  increase  in  the  fineness  of  the  soil.  Thus,  for  mineral  soils  the  ratio  was 
greatest  in  the  case  of  Eikton  clay  loam.  In  other  words,  when  water  was 
supplied  at  12  inches  below  the  surface  of  the  soil,  the  clay  soil  evaporated 
water  most  rapidly,  and  the  sand  most  slowly.  Muck,  being  composed 
largely  of  organic  material,  evaporated  water  even  more  rapidly  than  the 
Eikton  clay  loam. 
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PRACTICAL  DEDUCTIONS 

Besides  the  theoretical  considerations  involved  in  the  interpretation  of 
i±iese  results,  there  might  be  mentioned  an  important  practical  deduction 
that  could  be  made  with  considerable  safety.  Although  it  is  always  desirable 
and  highly  advisable  to  check  all  laboratory  and  greenhouse  pot  and  cylinder 
experiments  by  the  more  elaborate  field  experiments,  the  former  often  serve 
as  an  indicator  (though  qualitative)  as  to  what  would  happen  in  the  field 
under  similar  treatment  These  deductions  are  still  more  trustworthy  if  the 
greenhouse  experimental  results  correlate  with  the  practical  field  observations. 
For  this  reason  the  results  presented  above  have  considerable  practical  signif- 
icance. 

Several  soluble  salts  or  lime,  when  applied  to  some  typical  agricultural 
soils,  do  exert  a  very  pronounced  influence  on  the  rate  of  water  evaporation 
and  also  on  the  amount  of  water  present  at  or  near  the  surface  of  the  soiL 
From  practical  field  observation,  in  alkali  regions,  we  do  not  know  whether 
or  not  the  salts  decrease  the  evaporation  of  water,  but  we  do  know  that  under 
those  conditions  an  abundance  of  water  is  held  at  the  surface.  Since  the 
studied  soluble  salts  are  not  able  to  hasten  the  capillary  rise  of  water  in  soils 
to  an  appreciable  extent  (sodium  chloride  diminished  it  consideraUy),  it  is 
reasonable  to  conclude  that  even  the  field  observations  bear  out  the  point 
that  soluble  salts  in  soil  do  decrease  the  evaporation  of  water.  This  will 
help  us  to  understand  why  alkali  soils  are  so  wet  directiy  beneath  the  surface. 

Though  these  experiments  were  carried  on  in  the  greenhouse,  it  is  safe  to 
suppose  that  an  appUcation  of  commercial  fertilizers  to  soils  under  field  con- 
ditions would  tend  to  help  in  the  conservation  of  soil  moisture  through  a 
diminished  evaporation.  Besides,  it  would  help  to  bring  the  water  to  the 
surface  and  thus  make  it  more  available  for  the  growing  crop.  This  would 
be  especially  valviable  at  the  time  of  the  germination  of  seed,  for  which  a 
right  amount  of  moisture,  besides  the  right  temperature,  might  be  the  most 
important  factor. 

With  barley,  for  instance,  it  was  found  by  the  author  (19)  that  with  severed 
agricultural  soils  there  must  be  present  a  considerable  amount  of  water  before 
the  germination  would  take  place.  This  being  the  case,  it  would  seem  that 
a  fair  amount  of  soluble  salts  at  the  surface  of  soil  would  help  to  make  the 
conditions  more  favorable  for  seed  germination  and  an  early  growth.  This 
contention  is  well  corroborated  by  a  fairly  common  practice  in  some  sections 
•of  the  country  to  apply  some  readily  available  fertilizer  at  the  time  of  seeding. 

It  is  true  that  the  application  of  salts  in  these  experiments  were  too  exces- 
sive to  be  practiced  in  actual  farm  operations.  It  stands  to  reason,  how- 
ever, that  some  action  of  various  salts  would  be  felt  when  applied  in  smaller 
.amounts.  The  experiment  performed  with  various  amounts  of  ammonium 
•sulfate  on  Penn  loam  in  the  same  cylinders,  as  described  in  the  first  part  of 
the  article,  strengthens  this  contention.    The  results  are  presented  in  table  18 
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and  show  that  even  the  smallest  application  exerted  a  pronounced  influence 
on  the  evaporation  of  soil  moisture.  This  application,  250  pounds  per  acre, 
lies  within  the  range  of  actual  farm  practice. 

So  far  as  the  results  with  lime  are  concerned,  they  represent  an  amount 
frequently  applied  to  soils  to  correct  the  soil  reaction.    Indeed,  much  higher 

TABLE  18 
Ejfect  of  different  amounis  of  ammonium  sulfate  on  evaporation  of  water  from  Pettn  loam 

Duration  33  days 


TKKATlfEMT 


Untreated 

2501bs.  (NH4)«S04.. 
5001bs.(NH4)tSO4.. 
1000  lbs.  (NH4)tS04 
2000  lbs.  (NH4}iS04 


CVUNDEK 

AVXSACB 

OVKR 
XnmXATED 

1 

2 

gm. 

gm. 

gm. 

gm. 

700 

740 

720 

660 

668 

664 

56 

625 

634 

635 

85 

598 

624 

611 

109 

560 

570 

565 

155 

ptrcami 

7,S 
11.8 
15.1 
21.5 


applications  of  lime  sometimes  are  recommended  and  made.  Thus,  it  would 
seem  that  the  effect  of  lime  on  evaporation  and  on  the  distribution  of  water 
in  some  agricultural  soils  might  be  very  considerable.  This  would  be  espe- 
cially true  in  heavier  types  of  soil  and,  indeed,  it  is  on  this  type  of  soil  that 
lime  is  most  advantageous,  as  observed  in  farm  practice. 

SUMMARY 

The  experimental  work  recorded  in  this  paper  was  performed  with  ammon- 
ium sulfate,  potassiimi  sulfate,  magnesium  sulfate,  sodium  chloride,  caldum 
nitrate,  potassium  phosphate  and  calcium  oxide,  with  which  some  agricul- 
tural soils  were  treated  in  order  to  ascertain  the  influence  these  salts  and  the 
base  would  have  on  the  evaporation,  capillary  rise  and  eventual  distribution 
of  water  in  soil. 

The  indications  are  that  the  foQowing  conclusions  might  be  drawn  from 
the  results  obtained: 

1.  Soluble  salts  materially  decrease  the  evaporation  of  soil  moisture. 

2.  There  is  a  direct  dependence  of  the  efficiency  of  salts  in  decreasing  the 
water  evaporation  upon  the  osmotic  concentration  of  the  soil  solution  in 
the  surface  inch  of  soil.  With  few  exceptions  the  results  tend  to  show  that 
the  greater  the  osmotic  concentration  of  soil  solution  in  the  first  inch  of  soil 
the  greater  is  the  depresson  of  the  evaporation  of  moisture. 

3.  For  the  soluble  salts  studied  sodiimi  chloride  and  caldum  nitrate  were 
most  effective  in  checking  the  evaporation  of  water,  and  potassium  sulfate 
and  potassium  phosphate  were  least  effective,  while  ammonium  sulfate  and 
magnesiiun  sulfate  occupied  an  intermediate  position. 
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4.  Calcium  oxide  in  this  respect  was  least  effective  in  sea  sand  and  sandy 
loam  and  most  effective  in  day  loam,  as  compared  with  the  soluble  salts 
studied. 

5.  With  two  agricultural  soils  sodium  chloride  decreases  the  capillary 
rise  of  water.  Calcium  oxide  in  drab  clay  and. potassium  phosphate  in  brown 
silt  loam  show  a  tendency  to  accelerate  the  water  rise.  Ammonium  sulfate 
shows  no  pronounced  effect,  when  appUed  in  the  same  amount 

6.  Sodium  chloride,  potassium  phosphate  and  calcium  oxide  very  materially 
influence  the  distribution  of  moisture  in  brown  silt  loam.  There  is  a  very 
pronounced  tendency  for  treated  soil  to  contain  more  water  in  the  first  8 
inches,  as  compared  with  the  untreated  soil. 

7.  Soil  treated  with  potassium  phosphate  or  calcium  oxide  even  in  the 
surface  inch  contained  more  water  than  the  untreated  soil,  and  yet  evapora- 
tion from  treated  soil  was  decreased. 

8.  Comparing  the  untreated  soils,  when  water  was  supplied  at  12  inches 
below  the  surface,  the  extent  of  evaporation  depended  on  the  texture  of  the 
soil.  With  the  increase  in  the  amount  of  fine  material  in  the  soil  the  evapora* 
tion  increased. 

The  work  recorded  in  this  article  was  partly  done  at  the  New  Jersey  Agri- 
cultural Experiment  Station  while  the  author  was  a  graduate  student  at 
Rutgers  College.  To  Dr.  J.  G.  Lipman,  under  whose  supervision  the  work 
was  started,  the  author  is  indebted  for  his  interest  in  the  work  and  for  many 
helpful  suggestions.  The  work  was  finished  at  the  Illinois  Agricultural  Ex- 
periment Station,  and  author  is  very  grateful  to  Prof.  J.  G.  Mosier  and  Dr. 
R.  S.  Smith  for  the  use  of  the  laboratory  equipment,  and  to  Dr.  R.  Stewart 
for  critically  reading  the  manuscript 
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INISODUCTION 

The  discovery  of  gypsum  and  its  fertilizing  value  was  made  at  about  the 
same  time  in  Germany  and  in  France  in  the  latter  part  of  the  eighteenth  cen- 
tury. The  use  of  gypsum  spread  quickly  to  other  countries,  first  to  America 
and  considerably  later  to  Great  Britain.  Just  how  it  acts  is  little  understood, 
but  the  two  explanations  which  have  been  given  are  that  it  supplies  the  sulfur 
needed  for  plant  growth,  or  that  it  acts  as  a  corrective  agent  by  favoring 
beneficial  groups  of  bacteria,  while  the  development  of  injurious  species  is 
prevented.  Recently,  some  authors  have  secured  results  which  indicate  that 
sulfates  act  on  complex  compounds  like  the  silicates  liberating  potassium  and 
phosphorus.  In  other  wor(k,  there  are  indications  that  sulfates  may  render 
the  essential  plant-food  constituents  available  for  the  use  of  plants. 

The  need  of  sulfur  as  a  plant-food  is  evident  from  the  fact  that  the  proteins 
of  plants  contain  sulfur,  and  there  is  no  question  but  that  plants  utilize  sulfur 
in  the  form  of  sulfates  just  as  they  utilize  phosphorus  as  phosphates  and 
and  nitrogen  as  nitrates. 

Sulfur  has  been  supposed  to  be  present  in  soils  in  sufficient  amounts  to  keep 
all  crops  supplied.  Recently,  however,  the  possibility  of  value  from  using 
sulfur  as  a  fertilizer  has  been  indicated. 

Many  comparatively  recent  analyses  made  at  Rothamsted  and  elsewhere 
have  shown  that  certain  soils  are  deficient  in  sulfur  and  that  there  is  a  rather 
constant  ratio  between  phosphorous  and  sulfur.  Soils  that  are  low  in  phos- 
phorus and  need  phosphorus  fertilizers  may  therefore  respond  also  to  sulfur 
fertilizers.  The  application  of  phosphorus  in  the  form  of  add  phosphate 
supplies  sulfur  as  calcium  sulfate  along  with  phosphorus  and  when  this  mate- 
rial is  used  it  may  be  possible  to  insure  an  ample  supply  of  sulfur  to  meet  the 
requirements  of  crops. 

1  Thesis  submitted  in  partial  fulfillment  of  the  requirements  for  the  degree  of  Doctor  of 
Philosophy  at  the  Iowa  State  College. 

'  Opportunity  is  taken  to  thank  Dr.  P.  £.  Brown,  Chief  in  Soil  Chemistiy  and  Bacteri- 
ology, for  his  valuable  suggestions  and  criticisms  throughout  this  work  and  for  reading  the 
manuscript. 

437 

■OIL  acixircB,  vol.  xx,  iro.  6 


Digitized  by 


Google 


438  THAKDR  ICAHADEO  SINGB 

There  are  certain  soQs,  espedaUy  in  the  Middk  West,  which  are  fairly  wA 
supplied  with  sulfur  and  probably  would  not  respond  to  sulfur  f otflization  at 
the  present  time.  But  the  fact  that  the  content  of  sulfur  is  gradually  bebg 
exhausted  in  some  soils  should  not  be  lost  sight  of.  Ezoiments  at  Rotham- 
sted  showed  that  the  average  annual  loss  <rf  sulfur  by  drainage  amounted  to 
50  pounds  per  acre  and  the  amount  of  sulfur  trioxide  precipitated  with  the  rain 
was  found  to  be  about  15  to  20  pounds  per  acre  per  annum.  The  condusioiis 
reached  were,  therefore,  that  the  losses  of  sulfur  from  the  soil  by  drainage  and 
cropping  are  much  larger  than  can  be  met  by  the  amoimts  brought  down  by 
rain  and  that  some  carrier  of  sulfur  such  as  farm  manure,  add  phosphate, 
ammonium  sulfate,  sulfate  of  potassium,  or  gypsum  must  be  applied  to  sdls, 
if  they  are  to  be  maintained  in  a  permanently  fertile  ccmdition.  Of  late,  the 
use  of  gypsum  as  a  fertilizer  has  been  tested  by  a  few  of  the  agricultural 
experiment  stations  in  the  United  States  and  it  is  being  recommended  in 
some  sections  of  the  country  as  a  profitable  fertilizing  material.  Extensive 
experiments  should  be  carried  out  in  the  field,  however,  before  the  use  is 
recommended  under  any  particular  conditions.  Tests  are  now  under  way  in 
Iowa  to  determine  its  value  and  in  other  states  there  is  a  considerable  interest 
manifested  in  gypsum.  It  may  be  that  the  material  will  play  an  important 
r61e  in  many  states  in  maintaining  fertility. 

mSTOSICAL 

Before  entering  upon  the  discus^on  of  the  experimental  data  obtained  in 
this  work,  a  brief  history  of  the  results  secured  by  previous  investigators  may 
be  given.  Comparatively  few  studies  have  been  made  of  the  effects  of  gypsum 
on  bacterial  activities  but  some  tests  of  its  influence  on  anmionification, 
nitrification  and  azofication  have  been  carried  out  with  interesting  results. 

The  effed  of  gypsum  an  bacterial  activities 

Severin  (44)  in  laboratory  tests  with  sterilized  and  unsterilized  manure 
(inoculating  in  the  latter  case  with  pure  cultures  of  organisms  capable  of 
inducing  anunoniacal  fermentation  as  well  as  with  water  extracts  of  manure), 
found  that  the  addition  of  4  per  cent  g3rspum  to  the  manure  intensified  the 
decomposition  of  the  manure  10  to  20  per  cent  and  at  the  same  time  prevented 
any  loss  of  anmioniacal  nitrogen. 

Heinrich  (19)  found,  likewise,  that  gypsuhi  was  a  very  effective  preservative 
of  manure.  C.  B.  Lipman  (22)  concluded  from  his  work  that  gypsum  stimu- 
lated the  beneficial  soil  organisms  on  the  roots  of  leguminous  plants. 

J.  G.  Lipman  (25)  tested  the  influence  of  gypsum  on  the  number  of  soil 
bacteria  and  concluded  that  applications  of  gypsimi  were  not  injurious  to 
soil  bacteria,  nor  to  the  plants  themselves.  In  fact  he  observed  from  the 
data  secured  that  the  amounts  of  nitrate  nitrogen  expressed  as  parts  per 
million  were  favorably  affected  by  the  addition  of  gypsimi.    Lipman  and  his 
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associates  (28)  found  that  the  addition  of  gypsum  to  a  soil  often  increased  the 
total  nitrogen  of  the  crop  removed  from  the  soil.  The  same  authors  (27) 
experimenting  on  the  availability  of  nitrogenous  materials  as  measured  by 
ammonification,  demonstrated  that  the  so-called  stimulants — potassium 
iodide,  and  copper,  zinc,  manganese,  ferrous  and  caldimi  sulfates — gave  vary- 
ing and  inconclusive  results,  while  phosphates  appeared  to  favor  ammonificar 
tion.  lipman  found  from  box  experiments  that  the  nitrogen  content  of  soy- 
beans was  distinctly  increased  by  the  use  of  lime,  while  gypsum  appeared  to 
have  no  effect.  Neither  lime  nor  gypsum  showed  any  appreciable  effect  on 
buckwheat. 

Dezani  (10)  in  his  experiments  showed  that  no  material  increase  in  nitrifi- 
cation was  obtained  when  gypsum  was  added  in  amounts  varying  from  0.5 
to  2  per  cent.  Lemmerman  and  Fresenius  (21)  found  that  the  addition  of 
calcium  carbonate  to  soils  in  pots  to  the  extent  of  1  per  cent  reduced  the 
volatilization  of  ammonium  carbonate  and  increased  the  absorptive  power 
of  the  soil  for  ammonia.  Caustic  lime  had  the  opposite  effect  Calcium 
sulfate  and  calcium  chloride  reduced  the  loss  solely  by  their  direct  action  on 
the  ammonium  carbo^te.  Patterson  and  Scott  (38)  studied  the  influence  of 
caustic  lime,  calcium  carbonate,  gypsum,  ferric  hydrate,  sodium  chloridei 
citric  add,  starch,  sugar  and  add  phosphate  on  nitrification  in  soils  and  f  oimd 
that  caustic  lime  practically  stopped  all  nitrification.  Caldum  carbonate 
was  the  most  effident  of  the  substances  tested  in  stimulating  the  process  and 
gypsum  had  little  effect  on  nitrification.  Nishimura  (2)  reported  thiat  gyp- 
sum and  Kainit  were  found  to  be  less  effective  than  add  phosphate  in  finng 
ammonia. 

Fred  and  Hart  (15),  found  that  the  sulfates  of  caldum  and  potassium 
increased  ammonification  to  a  small  extent  and  caldum  sulfate  gave  a  slight 
increase  in  carbon-dioxide  production.  They  further  claimed  that  sulfates, 
although  as  low  in  amount  in  most  soils  as  phosphates,  would  not  in  all  prob- 
ability have  the  same  effect  on  the  crop-producing  power  of  soils  as  phos- 
phates, and  they  attribute  the  inequality  to  the  differences  in  the  effect  of  the 
two  add  radicals  on  the  soil. 

Peck  (39)  studied  ammonification,  nitrification,  denitrification  and  azofica- 
tion  with  three  samples  of  soils  by  inoculating  nutrient  solutions  with  small 
amounts  of  the  soil,  or  by  observing  the  progress  of  nitrogen  transformation 
in  the  soils  themselves.  He  found  that  the  addition  of  lime  as  carbonate, 
sulfate  or  phosphate  stimulated  ammonification;  as  regards  nitrification  cal- 
dum carbonate  exerted  the  most  favorable  action,  while  gypsum  had  no 
effect.  Sugar  showed  an  increased  azofication.  Hart  and  Tottingham  (18) 
in  their  work  showed  that  sulfates  as  compared  with  soluble  phosphates  had 
very  little  effect  on  the  soil  flora. 

Pitz  (41)  in  his  work  with  sulfur  and  calcium  sulfate  conduded  that  the 
addition  of  caldum  sulfate  to  the  soil  had  no  marked  effect  on  the  total  num- 
ber of  bacteria  growing  on  ordinary  agar  plates,  nor  did  it  produce  any  marked 
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increase  in  ammonification  or  nitrification.  The  material  was  found,  how- 
ever, to  stimulate  the  growth  of  pure  cultures  of  red  dover  bacteria  and  also 
to  increase  the  root  development  of  red  clover  in  nutrient  solution  and  in 
soil  extract.  In  small  amounts  it  was  also  found  to  increase  the  yield  of 
red  clover  and  the  number  of  nodules. 

Brown  and  Johnson  (7)  found  that  caldum  sulfate  in  ordinary  appUcations 
had  no  detrimental  effect  on  sulfofication,  but  very  large  applications  might 
decrease  the  rate  ci  oxidation  of  sulfur. 

The  effect  of  gypsum  an  crops 

The  effect  of  gypsum  on  crops  has  been  studied  to  some  extent  and  the 
influence  on  legumes  noted  especially.  Hart  and  Peterson  (17)  determined 
the  sulfur  content  of  a  number  of  conmion  farm  crops  and  in  agreement  with 
other  investigators  they  showed  that  the  quantity  is  much  higher  than  that 
found  by  Wolff  in  the  ash  from  such  products.  Wthycombe  (50)  reported  the 
yields  of  green  dover  from  plots  recdving  different  quantities  of  g3rpsum  and 
showed  a  gain  of  22  per  cent  in  favor  of  gypsum.  Dymond  and  his  associates 
(13)  from  their  investigations  condude  as  follows: 

There  is  not  sufBcient  sulfuzic  add  In  the  soil  or  supplied  by  run  for  heavy-yielding  oops 
rich  m  albuminoid,  either  for  the  production  of  the  greatest  yidd  or  the  highest  feeding  value, 
and  for  sudi  crops  a  sulfate  should  be  induded  in  the  artifidal  manure.  For  cexeal  crops 
and  for  permanent  pastures,  the  soil  and  the  ram  provide  all  the  sulfuric  add  necessary. 

Takeuchi  (49)  carried  on  pot  eq)eriments  with  peas,  beans,  oats,  rice  and 
spinach  in  which  gypsum  was  used  in  connection  with  ammonium  sulfate, 
sodium  nitrate,  potassium  sulfate  and  different  forms  of  phosphorus.  He 
observed  that  as  a  rule  gypsum  decreased  the  yidd  when  used  in  connection 
with  addic  fertilizers  and  increased  the  yidd  when  used  with  basic  fertilizers. 
He  foimd  further,  that  gypsum  exerted  a  favorable  influence  in  overcommg 
the  injurious  effects  of  magnesium. 

Dusserre  (12)  found  that  the  application  of  gypsum  greatly  increased  the 
yidds  of  potatoes  and  beets  and  in  the  case  of  potatoes,  the  mineral  matter 
and  starch  were  also  considerably  increased  by  the  use  of  gypsum.  Aston  (3) 
reported  that  gypsum  was  the  most  effective  lime  compound  in  increasing  the 
yidd  of  cruciferous  plants  on  soils  containing  an  excess  of  magnesia,  but 
ground  limestone  was  the  most  effective  in  increasing  the  3ddds  of  oats  and 
grasses.  Meyer  (31)  found  that  caldum  and  magnesium  carbonates  had  a 
beneficial  effect  on  the  3ddd  of  red  dover,  mustard  and  potatoes  on  add  soils, 
whereas  gypsum  reduced  the  yidd.  Rusche  (42)  demonstrated  that  mag- 
nesium and  caldum  sulfate  generally  had  a  good  effect  on  the  germination  of 
barley,  beans,  beets,  alsike  dover,  red  dover,  white  dover,  wheat  and  other 
seeos. 

Patterson  (37)  found  that  the  application  of  raw-rock  phosphate  gave 
better  results  than  gypsum  in  a  rotation  of  com,  wheat,  timothy  and  dover 
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on  a  sandy  soil.  Shedd  (45)  showed  that  the  addition  of  sulfur  or  gypsum 
to  a  fertilizer  containing  only  nitrogen,  potassium  and  phosphonis,  when 
applied  to  a  Graves  County  soil,  gave  a  decided  increase  in  growth  of  YeUow 
Pryor  tobacco  over  the  fertilizer  alone.  G.  O.  Brown  (6)  in  his  experiment 
with  calcium  sulfate  found  that  an  implication  of  air-slaked  lime,  followed  by 
a  100-pound  application  of  land  plaster  after  the  first  cutting  of  alfalfa, 
resulted  in  a  greatly  increased  vigor  and  a  total  yield  considerably  in  excess 
of  the  untreated  crop. 

The  most  recent  investigation  abng  this  line  was  rqx>rted  by  Miller  (32) 
who  worked  with  three  Oregon  soils.  The  first  was  taken  mainly  for  its  high 
sulfur  content,  the  second  one  because  it  did  not  respond  to  sulfur  treatment 
in  the  field,  while  the  third  did  respond  to  elementary  sulfur  fertilizer.  The 
highest  sulfur  content  was  0.183  per  cent  and  the  lowest  0.02  per  cent.  The 
results  show  that  the  addition  of  calcium  sulfate  and  elementary  sulfur  en- 
hanced the  growth  of  rape,  oats  and  dovef  grown  in  pots  in  the  greenhouse. 
The  great  increase  in  the  nitrogen  content  of  the  clover  grown  on  the  soil 
where  sulfates  had  been  added  was  the  result  in  all  probability  of  the  stimulat- 
ing action  of  the  sulfate  on  the  legimie  bacteria.  The  sulfate  increased  the 
root  development  and  the  number  of  nodules  on  the  clover  grown  in  the  soil 
in  pots.  Tacke  (48)  explained  in  his  work  that  the  injurious  effect  of  gypsum 
observed  especially  in  the  case  of  leguminous  plants  was  due  to  the  setting  free 
of  acids  to  which  such  plants  are  especially  sensitive. 

Parshad  (36)  in  his  work  with  gypsum,  foimd  £hat  it  proved  a  valuable 
fertilizer  on  indigo  and  that  top-dressing  was  the  least  beneficial  method  of 
appljdng  it.  Katayama  (20)  in  experiments  carried  on  at  Tokyo,  showed 
that  rice  yielded  better  and  had  a  better  color  when  grown  on  land  manured 
with  gypsum.  C.  B.  Lipman  and  Gericke  (23)  found  that  calcium  sulfate  in 
varjring  quantities  strongly  antagonized  the  sodium  sulfate  in  day  adobe  soil . 
where  barley  was  grown. 

The  effect  of  gypsum  on  available  planl-food 

Several  experiments  have  indicated  an  effect  of  gypsum  on  the  solubility  of 
plant-food. 

Storer  (46)  showed  a  greater  amount  of  phosphorus  in  dover  taken  from 
land  manured  with  gypsum.  Pf eff er  (40)  states  that  Knop  found  that  where 
seeds  were  grown  in  water  containing  caldum  sulfate,  the  caldmn  of  the  salt 
was  absorbed  in  a  somewhat  greater  amount  than  the  add.  If  this  is  true, 
it  is  easy  to  see  how  caldum  sulfate  can  assist  in  the  assimilation  of  phos- 
phorus even  though  the  phosphates  are  f oimd  to  be  less  soluble  in  a  caldum 
sulfate  solution. 

Dusserre  (11)  found  that  the  most  effective  agents<n  rendering  soil  potash 
soluble  in  distilled  water  were  gypsmn  and  sulfate  of  ammonia.  Dumont  (8), 
studying  the  effect  of  gypsum  upon  both  granitic  soOs  and  the  separates 
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from  these  obtained  by  mechanical  anal3r5by  found  that  wbsxi  mixed  with 
about  one-third  its  weight  of  gypsum,  moistened  and  allowed  to  stand,  the 
soil  gave  increasing  amounts  of  water-soluble  potash  with  lengthening  periods 
of  contact  between  soQ  and  gypsum. 

Schreiber  (43)  reported  experiments  which  indicated  that  gypsum  had  a 
marked  though  limited  effect  in  setting  free  the  potash  of  the  soiL  Morse 
and  Curry  (34)  f oimd  that  lime  and  gypsum  in  contact  with  feldspar  increased 
the  solubility  of  potassium.  Soane  (47)  in  his  general  discussion  of  a  series 
of  pot  experiments  to  determine  the  chemical  effect  of  the  application  of 
gypsum  on  soils,  rqx>rted  that  the  effect  of  gypsum  alone  was  insignificant 
When  onnbined  with  soluble  potash,  however,  it  seemed  to  produce  a  bene- 
ficial effect. 

Morse  and  Ciurry  (35)  f oimd  that  when  powdered  feldspar  was  treated  with 
gypsum  the  solubility  of  potash  in  water  was  increased.  Bradley  (4)  found 
that  gypsum  added  both  to  soils  from  western  Oregon  and  to  the  minora! 
pegmatite  markedly  increased  the  content  of  water-soluble  potash.  Andre 
(1)  observed  a  greatly  increased  solubility  of  the  potash  of  microline  when 
this  was  treated  with  gypsmn.  C.  B.  Lipman  (24)  concluded  that  calcium 
sulfate  is  the  most  powerful  soil  stimulant  we  have  and  that  its  effect  is  due 
mainly  to  its  liberation  of  plant-food,  especially  potassimn. 

McMillen  (30)  found  that  when  various  soils,  mixed  with  1  per  cent  of 
gypsmn,  were  kept  for  3  months  im<Jer  moisture  conditions  similar  to  those 
prevailing  in  the  field  there  were  marked  increases  in  the  content  of  water- 
soluble  potash.  It  is  suggested,  that  in  experiments  previously  reported  by 
various  investigators  where  gypsum  was  not  foimd  to  bring  about  such  an 
increase  the  lack  of  any  action  might  be  due  to  the  fact  that  the  condition  ci 
contact  between  the  soil  and  gypsmn  was  not  the  same  as  would  occur  in  the 
field. 

Fraps  (14)  found  that  the  addition  of  sulfate  of  lime,  nitrate  of  soda,  or 
other  salts,  has  no  such  effect  upon  rendering  potash  available  to  plants  as 
has  been  claimed.  Briggs  and  Breazeale  (5)  reported  that  gypsmn  solutions 
depressed  the  solubility  of  the  potassium  in  orthodase,  the  quantity  of  potash 
in  solution  decreasing  progressively  as  the  concentration  of  the  caldum  sulfate 
increased.  McCool  (29)  found  very  recently  that  the  effect  of  the  calcium 
sulfate  on  the  rate  of  the  formation  of  soluble  potash  was  negligible  in  the 
first  period  of  2  days  and  slightly  reduced  it  in  the  second  peiiod  of  17  days. 
He  claims  that  soils  of  different  texture  and  composition  probably  would  be 
affected  somewhat  differently. 

Greaves  and  Carter  (16)  in  their  recent  investigation  also  reported  that  the 
strong  stimulant  sodium  chloride  to  a  great  extent  acts  by  rendering  phos- 
phorus soluble,  whereas  the  equally  strong  stimulant  caldum  sulfate  acts  by 
rendering  more  nitrogen  available. 
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EXPERIMENTAL 

Dumont  (9),  s\mimaii2diig  in  his  paper  the  theories  advanced  regarding  the 
value  of  gypsum  when  applied  to  the  soil,  points  out  that  it  serves  as  a  stimu- 
lant, that  it  serves  as  a  plant-food,  that  it  acts  as  an  absorbent  for  volatile 
compounds  like  ammonia,  and  that  it  helps  in  making  plant-food  available. 

The  work  presented  in  the  subsequent  pages  was  planned  to  throw  some 
light  on  the  following  questions: 

(a)  Does  caldum  sulfate  favor  the  activities  of  desirable  organisms  of  the 
soil? 

(b)  Does  it  serve  as  a  plant-food? 

(c)  Does  it  make  certain  plant-food  constituents  more  available? 

Plan  of  the  experimefUs 

The  soil  used  in  these  experiments  was  secured  from  an  orchard  at  Ames 
and  is  classified  as  Miami  silt  loam.    The  chemical  anal3rsis  is  given  in  table  1. 

TABLE  1 
SoU  analysts 


Total  sulfur 

Total  sulfates 

Total  potassium 

Water-soluble  potassium . 
Limestone  requirement . . . 


0.168  percent 
0.005  percent 
1.410  percent 
0.0027  per  cent 
2500  pounds  per  acre 


Forty-eight  pots  were  each  filled  with  40  pounds  of  soil  which  had  been 
sifted  through  a  coarse  sieve,  so  as  to  remove  the  roots  and  pebbles.  The 
treatment  of  these  pots  was  as  follows: 

1,   2  Check 

3,  4  Limestone  to  neutralize  addity  plus  2  tons  (3i  tons) 

5,   6  100  pounds  CaSOi  per  acre 

7,   8  500  pounds  CaSOi  per  acre 

9, 10  1000  pounds  CaS04  per  acre 

11,12  100  pounds  CaS04  per  acre  plus  limestone  (3}  tons) 

13, 14  500  pounds  CaSOi  per  acre  plus  limestone  (3i  tons) 

15, 16  1000  pounds  CaSOi  per  acre  plus  limestone  (3}  tons) 

The  fijrst  set  of  these  pots  from  1  to  16  were  kept  fallow,  the  second  set  of 
16  pots  similarly  treated  were  seeded  to  wheat,  and  the  third  set  of  16  pots 
with  similar  treatment  as  the  first  two  sets,  were  seeded  to  red  clover.  The 
pots  were  kept  in  the  greenhouse  under  uniform  temperature  conditions. 
The  moisture  content  of  the  soils  in  the  pots  was  kept  up  to  15  per  cent  of  the 
dry  weight  of  the  soil. 

After  the  seeds  had  germinated  in  the  pots,  the  plants  of  red  clover  and 
wheat  were  thinned  so  as  to  leave  only  6  plants  in  each  pot. 
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BACTERIOLOGICAL 

In  order  to  ascertain  whether  gypsum  favors  the  activities  of  beneficial  soil 
organisms  it  was  planned: 

1.  To  study  the  action  of  gypsum  on  bacterial  activities  as  measured  by 
ammonification,  nitrification  and  azofication. 

2.  To  study  the  action  of  gypsum  in  soil  and  in  solutions  inoculated  with 
pure  cultures  of  Bacillus  radicicola  isolated  from  alfalfa,  Canada  field  peas, 
red  clover  and  soybeans. 

The  first  samples  were  drawn  15  da3rs  after  the  pots  were  filled.  The  sur- 
face soil  was  removed  to  a  depth  of  five  inches  and  the  samples  drawn  with  a 
sterile  spatula.  The  surface  soil  was  then  replkced  in  the  various  pots,  the 
samples  were  brought  to  the  laboratory,  and  the  moisture  content,  total 
nitrogen  and  nitrates  determined  in  each  case. 

A,  AmmonificaHon 

One  hundred  grams  of  each  soil  were  put  in  duplicate  tmnblers  and  5  gm. 
of  dried  blood  added  to  each  and  stirred  in  thoroughly.  The  moistiure  con- 
tent was  brought  up  to  the  optimimi,  allowing  12  cc.  for  the  dried  blood  used. 
The  tumblers  were  incubated  at  room  temperature  for  a  period  of  7  days. 
Ammonia  was  determined  by  the  aeration  method,  potassium  carbonate  being 
used. 

B,  NUrificatian 

One-hundred-gram  quantities  of  each  soil  were  weighed  out  in  duplicate 
tumblers  and  100  mgm.  of  ammonimn  sulfate  in  solution  added.  The  mois- 
ture content  was  adjusted  to  the  optimmn.  The  timiblers  were  covered  and 
incubated  for  5  weeks  at  room  temperature,  the  moisture  content  being 
adjusted  to  the  optimimi  every  seventh  day.  The  nitrates  present  at  the  end 
of  the  5-week  period  were  determined  by  the  phenol-disulfonic  acid  method. 

C  Azofication 

One-hundred-gram  quantities  of  soil  were  weighed  out  in  duplicate  tumblers 
and  5  gm.  of  dextrose  added  to  each  and  thoroughly  mixed  in.  The  mobture 
content  was  made  up  to  the  optimum  and  the  soils  incubated  at  room  tem- 
perature for  a  period  of  10  days.  At  the  end  of  that  time  the  total  nitrogen 
present  was  determined  in  duplicate  by  the  Kjeldahl  method,  and  the  nitrogen 
content  at  the  beginning  subtracted  from  this  gave  the  amount  of  nitrogen 
fixed. 

D.  The  effect  of  gypsum  on  radicicola 

In  order  to  study  the  effect  of  gypsum  on  the  azof3dng  power  of  pure  cul- 
tures of  B.  radicicola  from  alfalfa,  field  peas,  red  clover  and  soybeans,  the 
following  method  was  employed: 
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One-hundred-gram  quantities  of  soil  with  various  additions  of  gypsum  were 
put  into  tumblers.  One  set  of  these  tumblers  was  sterilized  and  the  other 
was  not.  Both  sets  of  tumblers  were  inoculated  with  pure  cultures  of  B. 
radicicola  from  red  dover.  After  incubating  for  a  period  of  10  days  the 
amount  of  nitrogen  fixed  was  determined.  Other  sets  of  tumblers  were 
Arranged  as  previously  and  inoculated,  respectively,  with  pure  cultures  of 
B.  radicicola  from  alfalfa,  Canada  field  peas,  red  clover  and  soybeans  in 
unsterilized  soil  alone.    In  each  case  the  nitrogen  fixed  was  determined. 

One  hundred  cc.  of  "radidcola  solution"'  was  put  into  SOO-cc.  flasks, 
various  amounts  of  gypsum  added,  sterilized  and  inoculated  with  pure 
cultures  of  B.  radicicola  from  different  legimies.  The  nitrogen  fixed  in 
each  case  was  determined  by  duplicate  analyses. 

Crop  tests 

After  the  plants  in  the  pots  had  grown  to  maturity,  the  dry  weight  of  straw 
and  seed  together  was  determined. 

Plant-food  tests 

The  addity  of  the  soil  after  the  crops  were  harvested  was  determined  by 
the  modified  Tacke  method  and  reported  in  terms  of  tons  of  limestone  required 
per  acre. 

In  order  to  test  the  solubility  of  potash  and  the  increase  of  the  nitrogen 
content  in  the  soil  and  in  the  crop,  an  experiment  was  arranged  in  the  green- 
house. Sixty-four  pots,  each  containing  10  pounds  of  Miami  silt  loam  soil, 
were  prepared  and  the  same  application;  of  gypsum  and  lime  as  in  the  pre- 
vious experiment  were  made.  These  pots  were  sown  to  alfalfa,  fidd  peas,  red 
dover  and  soybeans.  Just  bdore  sowing,  the  seeds  were  inoculated  with 
pure  cultures  of  B.  radicicola.  The  moisture  content  of  the  pots  was  kept  up 
to  15  per  cent.  At  the  end  of  the  experiment  the  crops  were  harvested,  dried 
and  wdghed.  They  were  ground  findy  and  determinations  of  total  nitrogen 
and  potassium  were  made  in  duplicates.  The  total  nitrogen  content  of  the 
soil  was  determined  by  the  usual  Ejddahl  method,  CUSO4  and  KsS04  being 
xised  iot  the  digestion  with  HsS04,  with  the  aeration  method  of  distillation. 

In  order  to  determine  the  water-soluble  potassium,  100  gm.  of  soil  was 
shaken  with  200  cc.  of  distilled  water  for  4  hours  in  a  mechanical  shaker.  The 
dear,  supernatant  liquid  was  filtered  and  aliquot  portions  of  the  filtrate  were 
taken  to  determine  the  soluble  potassimn.    The  fusion  for  total  potassium 

'  Radidcola  solution — 

Disaolve  in  1000  cc.  of  tap  water, 

10  gm.  saccharose 

1  gm.  KsHPOi 
Stir  until  dissolved.    Neutralize,  using  phenolphthalein  as  indicator.    Sterilize  in  the 
autoclave  at  15  pounds  pressure  for  15  minutes. 
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was  accomplished  according  to  the  method  of  J.  Laurence  Smith  for  total 
alkali.  Potassium  was  precipitated  as  the  platinic  chloride  without  previous 
removal  of  calcium,  which  was  subsequently  removed  by  washing  with  acid- 
ulated alcohol  (33).  Potassium  was  weighed  as  potassium  platinic  chloride 
in  the  case  of  the  water-soluble  as  well  as  in  the  case  of  total  potassium. 


THE  BACTERIOLOGICAL  UBSX7LTS 

Ammonification,  nUrificaHon  and  oMoficoHon 

The  results  of  the  tests  of  ammonification,  nitrification  and  azofication  at 
the  first  sampling  are  given  in  table  2. 

TABLE  2 
Ef€Ct  of  CaSOi  on  ammonificaUon,  nUrificaiion  and  atoficalton—iSampling  1 


1 
2 
3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


POI71IM  OT  CaS0«  AND  TONS  Of  CaCOi 
PBK  ACEB 


None 

None 

31  tons  CaCC^ 

3i  tons  CaCC^ 

100  pounds  CaSOi 

100  pounds  CaSOi 

500  pounds  CaSOi f.. 

500  pounds  CaSOi 

1000  pounds  CaS04 

1000  pounds  CaSOi 

100  pounds  CaS04  +  3i  tons  CaCQi 
100  pounds  CaS04  +  3}  tons  CaCOi 
500  pounds  CaSOi  +  3}  tons  CaCOk 
500  pounds  CaS04  +  3i  tons  CaCOs 

1000  pounds  CaS04  +  31  tons  CaCOi 

1000  pounds  CaS04  +  3i  tons  CaCOs 


AKUOMincATioir    lanincAnox 


ill 


130.7 

130.9 

150.7 

150.0 

126.0 

123.9 

129.1 

130. 

62.6 

63.2 

72.4 

71.3 

73.2 

72.2 

66.9 

66.3 


130.80 
150.35 
124.95 
75 
62.90 
71.85 
72.70 
66.60 


4129 


iai 


10.60 

10.40 

16.56 

16.56 

8.90 

8.90 

9.30 

9.30 

10.55 

10.33 

17.41 

17.20 

20.65 

20.65 

20.60 

20.60 


mtm, 

10.50 
16.56 
8.90 
9.30 
10.44 
17.30 
20.65 
20.60 


ASOnCATIOll 


1.50 

1.50 

4.50 

4.50 

6.00 

6.50 

4.00 

4.00 

4.00 

4.25 

10.00 

11.50 

10.50 

10.60 

12.00 

12.50 


I 


mgwi. 

1.50 

4.50 

6.25 

4.00 

4.12 

10.75 

10.55 

12.25 


Examining  this  table  it  is  evident  that  the  ammonification  of  dried  blood 
was  reduced  by  all  the  applications  of  gypsimi,  the  greatest  reduction  occur- 
ring where  the  gypsimi  was  applied  at  the  rate  of  1000  pounds  per  acre.  The 
application  of  lime  with  the  gypsum  did  not  increase  ammonification  but,  on 
the  other  hand,  decreased  it  considerably.  This  effect  of  lime  was  hardly 
expected  since  the  application  of  lime  alone  greatly  stimulated  ammonification. 

Nitrification  also  was  slightly  reduced  in  the  soils  which  received  the  various 
amounts  of  gypsum  alone,  but  the  process  was  increased  considerably  where 
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lime  alone,  or  lime  with  g3rpsimi  was  used,  the  g3rpsimi  and  lime  together 
showing  a  greater  increase  than  the  lime  alone.  This  increase  in  nitrification 
from  the  use  of  lime  bears  out  previous  results  which  have  shown  that  the 
nitrifying  organisms  are  very  sensitive  to  a  lack  of  lime.  The  beneficial 
effect  of  gypsum  with  lime  indicates  that  the  effect  of  the  material  on  nitrifi- 
cation may  be  changed  from  detrimental  to  desirable  by  applying  it  with 
lime. 

There  was  a  marked  increase  in  the  azof ying  power  of  the  soil  when  gypsum 
alone  was  applied,  the  smallest  application  showing  the  greatest  effect.  When 
lime  was  added  with  the  gypsmn  a  still  greater  effect  on  azofication  was  evi- 
denced, the  largest  amoimt  in  this  case  giving  the  greatest  effect.  Lime 
showed  about  the  same  influence  as  gypsum  alone  and  the  large  increase  with 
the  two  materials  was  evidently  due  to  the  gypsmn.  As  in  the  case  of  nitrifi- 
cation, g3rpsum  seemed  to  exert  its  largest  influence  on  azofication  when  the 
acidity  of  the  soil  was  neutralized  with  lime. 

The  results  secured  at  the  second  sampling  appear  in  table  3. 

TABLE  3 
Efect  of  CaSOi  on  ammonificaUon^  nUrificatum  and  OMoJicaium — Samfiing  2 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


POITMDS  OV  CaS0«  AMD  TOITS  OF  CaCOi 
PBR  ACRB 


None 

None 

3i  tons  CaC(^ 

3}  tonsCaCOs 

100  pounds  CaSOi 

100  pounds  CaSOi 

500  pounds  CaSOi 

500  pounds  CaSOi 

1000  pounds  CaS04 

1000  pounds  CaSOi 

100  pounds  CaS04  +  3}  tons  CaCOs . . 

100  pounds  CaS04  +  3i  tons  CaCOs . . . 

500 pounds CaSOi  +  3i  tons CaCd. . 

500  pounds  CbSOa  +  3}  tons  CaCOs. .. 
1000 pounds  CaS04  +  3i  tons  CaCOs. . 
1000  pounds  CaSOi  +  3i  tons  CaCOs . . 


AlllfONIVICATION      NinunCATION 


mgm, 

95.90 

97.30 

136.95 

139.81 

84.15 

94.71 

103.07 

101. 

113.19 

114.07 

153.35 

155.22 

118.47 

113.08 

135.30 

136.40 


96.60 
138.38 

89.43 
35 
113.63 
154.28 
115.77 
135.85 


64102 


1^1 


mgm, 
13.9 
13.9 
16.1 
15.3 
12.2 
12.2 
13.3 
13.3 
16.1 
16,7 
17.2 
18.2 
17.3 
17.3 
12.1 
12.4 


13.90 
15.70 
12.20 
13.30 
16.40 
17.70 
17.30 
12.25 


AZOnCATION 


5|1 


mtm. 
1.20 
1.20 
1.70 
1.70 
4.70 
4.30 
4.80 
4.80 
6.30 
6.30 
9.55 
7.05 
4.30 
4.30 
2.80 
2.80 


1.20 
1.70 
4.50 
4.80 
6.30 
8.30 
4.30 
2.80 


Examining  this  table  it  is  found  that  the  ammonification  of  dried  blood  was 
not  affected  by  the  small  amounts  of  gypsum  but  the  larger  applications  gave 
an  increase  which  was  quite  pronounced  with  the  largest  amoimt.  When 
lime  was  used  with  the  gypsmq,  still  larger  increases  were  obtained,  the 
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smallest  amount  of  gypsum  giving  the  greatest  effect  in  this  case.  Lime 
alone  brought  about  an  increase  just  as  it  did  in  the  first  instance,  and  only 
in  one  case  did  the  gypsum  with  lime  show  an  increase  over  the  lime  alone. 

Nitrification  was  increased  in  the  soil  that  had  received  gypsum  at  the 
rate  of  1000  pounds  per  acre.  Smaller  applications  of  the  gypsum  than  this 
had  no  effect  on  the  nitrif3dng  organisms.  lime  alone  stimulated  nitrifica- 
tion, and  gypsum  with  lime  gave  a  still  greater  stimulation  on  the  activities 
of  nitrifying  organisms,  except  where  the  largest  application  of  gypsum  was 
made,  in  which  case  no  effect  of  either  material  was  noted. 

Azofication  was  increased  where  gypsum  alone  was  applied,  the  greatest 
increase  occurring  with  the  application  of  the  largest  amount  of  g3q>sunL 
Lime  alone  had  a  slight  effect  and  gypsum  with  lime  showed  a  greater  effect 
than  gypsum  alone  only  with  the  100-pound  application.  With  the  larger 
amoimts  the  activities  of  azofying  organisms  were  reduced. 

It  may  be  noted  in  this  table  that  gypsum  applied  alone  at  the  rate  of  1000 
poimds  per  acre  increased  the  activities  of  the  azofying  and  the  nitrifying 
organisms,  but  when  an  application  of  lime  was  made  with  it  these  processes 
were  decreased.  On  the  other  hand,  lime  applied  with  gypsum  at  the  rate  of 
1000  pounds  increased  ammonification  more  than  did  the  gypsum  alone. 

The  results  obtained  at  the  third  sampling  are  given  in  table  4. 


TABLE  4 
Effect  of  CaSOi  on  ammonification,  mtrification  and  atoficatumSampUng  3 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


POtTMM  Of  CaSOU  AMD  TONS  OV  CaCOi 


None 

None 

3i  tons  CaCQi 

31  tons  CaCOi 

100  pounds  CaSOi 

100  pounds  CaSOi 

500  pounds  CaSOi 

500  pounds  CaSOi 

1000  pounds  CaSOi 

1000  pounds  CaS04 

100  pounds  CaSOi  +  3i  tons  CaCQi 
100  pounds  CaSOi  +  3}  tons  CaCOi 
500  pounds  CaS04  +  3}  tons  CaCOi 
500  pounds  CaS04  +  3}  tons  CaCOs 

1000  pounds  CaS04  -f  3  J  tons  CaCOi 

1000  pounds  CaS04  +  3i  tons  CaCOi 


i 


132.7 
134.1 
167.5 
158.2 
130.4 
131.3 
129.4 
127.1 
135.1 
135.8 
141.0 
142.2 
148.8 
147.9 
158.1 
158.5 


mgu. 
133.40 
162.85 
130.85 
128.25 
135.45 
141.60 
148.35 
158.30 


^1 


mgm. 
18.0 
18.4 
24.5 
24.5 
20.6 
20.7 
14.4 
14.4 
15.3 
15.3 
16.7 
17.3 
16.2 
16.2 
15.5 
15.6 


18.20 
24.50 
20.65 
14.40 
15.30 
17.00 
16.20 
15.55 


10 

1.9-9 


2.75 
2.75 
2.25 
2.25 
4.75 
4.75 
1.75 
1.75 
2.25 
2.25 
3.75 
3.25 
3.00 
3.75 
9.75 
9.75 


mgm. 

2.75 
2.25 
4.75 
1.75 
2.25 
3.50 
3.37 
9.75 
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The  gypsum  applied  at  the  rate  of  1000  pounds  per  acre  showed  a  slight 
increase  in  the  ammonification  of  dried  blood  while  the  smaller  applications 
had  no  eflFect.  Lime  alone  increased  ammonification  and  when  the  two 
materials  were  used  together,  the  ammonifying  power  of  the  soil  was  increased 
but  the  increase  was  smaller  than  when  the  lime  was  applied  alone. 

At  this  sampling,  gypsum  did  not  have  any  pronounced  effect  on  nitrifica* 
tion  except  when  applied  at  the  rate  of  100  pounds  per  acre,  when  a  slight 
increase  in  nitrification  occurred.  Lime  alone  increased  nitrification  but 
when  used  with  gypsum  there  was  no  effect  evidenced  on  the  process,  the 
nitrifying  power  being  actually  lower  than  in  the  check  soil. 

There  was  a  marked  increase  in  the  azofying  power  of  the  soil  when  gypsum 
was  appHed  at  the  rate  of  100  poimds  per  acre,  but  the  larger  applications  had 
no  effect  whatever. 

lime  alone  had  no  effect  on  this  process  but,  when  used  with  gypsum 
increases  were  obtained  in  every  case,  the  greatest  increase  occurring  when 
the  gypsum  was  applied  at  the  rate  of  1000  pounds  per  acre. 

The  results  of  the  tests  of  ammonification,  nitrification  and  azofication  at 
the  fourth  sampling  are  given  in  table  5. 

TABLE  5 
Effect  of  CaSOi  an  omm<mification,  nUHficaiion  and  oMoficoHon—SamfUng  4 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


POUNDS  OY  CaSOl  AMD  TOMB  ov  CaCOi 


None 

None 

31  tons  CaCQi 

31  tons  CaCQi 

100  pounds  CaS04 

100  pounds  CaSOi 

500  pounds  CaSOi 

500  pounds  CaSOi 

1000  pounds  CaSOi 

1 000  pounds  CaS04 

100  pounds  CaSOi  +  3}  tons  CaCOi . 

100  pounds  CaSOi  +  3i  tons  CaCOs . 

500  pounds  CaSOi  +  3i  tons  lime . . . . 

500  pounds  CaSOi  +  3i  tons  lime. . . . 
1000  pounds  CaS04  +  3}  tons  CaCQi . 
1000  pounds  CaS04  +  Z\  tons  CaCQi . 


AMUOHiTiCAnoi^    MiximcAncnv 


Mfffk 

126.85 

125.67 

152.45 

151.15 

121.42 

119.88 

123.78 

124 

116.58 

111.94 

128.62 

129.47 

168.62 

167.67 

156.35 

155.52 


84124 


126.26 
151.80 
120.65 
.31 
114.26 
129.04 
168.14 
155.93 


6.S-3 


14.67 
14.67 
21.84 
21.87 
12.27 
12.27 
12.45 
12.30 
9.05 
9.05 
13.10 
12.84 
13.55 
14.00 
18.03 
17.90 


14.67 
21.87 
12.27 
12.37 
9.05 
12.97 
13.77 
17.96 


AXOnCACON 


MflM. 

2.90 
2.90 
5.60 
5.60 
10.60 
8.60 
2.60 
2.60 
2.40 
2.90 
6.10 
6.60 
6.60 
6.60 
3.60 
3.10 


2.90 
5.60 
9.60 
2.60 
2.65 
6.35 
6.60 
3.35 


Examining  this  table  it  is  evident  that  the  ammonifying  power  of  the  soil 
organisms  was  slightly  decreased  by  all  the  applications  of  gypsum.    Lime 
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alone  and  lime  applied  with  gypsum  in  the  various  amounts  increased  ammon- 
ification,  the  greatest  increase  occurring  when  the  gypsum  was  applied  at  the 
rate  of  500  pounds  per  acre. 

Gypsum  applied  alone  decreased  nitrification,  the  greatest  decrease  occur- 
ring with  the  application  of  1000  pounds  per  acre.  Lime  alone  increased  the 
process,  but  lime  with  gypsum  showed  no  effect  except  where  the  largest 
amounts  of  gypsum  per  acre  were  used,  when  a  distinct  increase  occurred. 

Azofication  was  greatly  increased  with  the  application  of  gypsum  at  the 
rate  of  100  pounds  per  acre,  but  the  larger  amounts  showed  no  effect  what* 
ever.  lime  increased  the  process  and  lime  with  the  various  applications  of 
g3rpsum  also  showed  an  increase  over  the  check  soil  in  all  cases  and  over  the 
limed  soil  in  all  cases  except  where  the  largest  amount  of  gypsum  was  used. 

On  the  whole,  the  results  obtained  at  this  sampling  show  no  effect  from 
the  applications  of  gypsum  alone  and  when  used  with  lime  the  increases  were 
generally  less  than  those  secured  with  lime  alone.  Only  in  the  case  of  ammon- 
ification  were  the  increases  from  the  two  materials  greater  than  from  the 
lime  alone. 

The  results  secured  at  the  fifth  sampling  are  given  in  table  6. 

TABLE  6 
Efed  of  CaS04  on  ammonificaUon^  nUrificaiion  and  oMoficaUon—^ampling  5 


1 

2 

-3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


poumw  or  CaSOc  Ain>  tohs  or  CaCOi 


None 

None 

3i  tons  CaCOi 

3i  tons  CaCQi 

100  pounds  CaS04 

100  pounds  CaS04 

500  pounds  CbSOa 

500  pounds  CaSOi 

1000  pounds  CaSOi 

1000  pounds  CaS04 

100  pounds  CaS04  +  3}  tons  CaCOi . . 

100  pounds  CaS04  +  3i  tons  CaCOk . . . 

500  pounds  CaS04  +  3}  tons  CaCQi. . . 

500  pounds  CaS04  +  31  tons  CaCOs . . 
1000  pounds  CaS04  +  3i  tons  CaCOi . . 
1000  pounds  CaS04  +  3i  tons  CaCOi . . 


AMMONinCATIOM      NITtinCATION 


134.52 

134.52 

203.55 

202 

142.89 

142.07 

143.96 

142.78 

136.40 

136.76 

209.09 

209.80 

207.44 

206.73 

172.75 

172.28 


60203 


mgrn. 
134.52 
.07 
142.48 
143.37 
136.58 
209.44 
207.08 
172.51 


12.1 
12.5 


17 
17 

9 

9 

6 

7 

10 
10.3 
15.5 
15.4 
15.7 
16.3 
15.0 
14.4 


mtm, 
12.30 
17.50 
9.60 
7.20 
10.40 
15.45 
16.00 
14.70 


•So- 
li's 

HI 


g' 


2.0 

2.0 
4.5 
4.5 
1.5 
1.5 
2.0 
2.0 
3.5 
3.5 
6.5 
6.5 
8.5 
8.5 
5.5 
5.5 


2.0 
4.5 
1.5 
2.0 
3.5 
6.5 
8.5 
5.5 


Gypsum  applications  increased  ammonification,    the  smallest  increase 
occurring  whwi  the  gypsum  was  applied  at  the  rate  of  1000  pounds  per  acre. 
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Lime  alone  increased  the  process  and  when  applied  with  gypsum  a  still  greater 
effect  was  noted  except  where  the  1000-pound  application  of  gypsimi  was 
made. 

Nitrification  was  decreased  with  all  the  applications  of  gypsum  alone,  but 
when  the  gypsum  was  applied  with  lime,  increases  were  secured  which  were 
smaller,  however,  than  that  brought  about  by  the  lime  alone. 

Azofication  was  not  affected  by  the  smaller  applications  of  gypsum,  but  the 
largest  amount  increased  the  process  slightly.  When  used  with  lime,  how- 
ever, distinct  increases  were  obtained,  all  of  which  were  greater  than  that 
given  by  the  use  of  lime  alone. 

At  this  sampling  gypsum  alone  showed  an  influence  only  in  the  ammonificBr 
tion  process  but  when  used  with  lime  distinct  increases  were  shown  in  azofica- 
tion  also.  The  nitrification  process  was  affected  less  by  the  two  materials 
together  than  by  the  lime  alone. 

The  results  obtained  at  the  sixth  sampling  appear  in  table  7. 

TABLE  7 
Ejfect  of  CaSOi  on  ammonification^  nUrifcaUon  and  aMofieation—Sam^ng  6 


1 
2 
3 
4 
5 

7 
8 
9 
10 
11 
12 
13 
14 
15 
16 


POUMDe  or  CaSO«  and  tons  ov  CaCOi 

PBK  ACEB 


None 

None 

3}  tons  CaCQi 

3i  tons  CaCOk 

100  pounds  CaSOi 

100  pounds  CaS04 

500  pounds  CaSOi 

500  pounds  CaS04 

1000  pounds  CaS04 

1000  pounds  CaS04 

100  pounds  CaS04  +  3}  tons  CaCOk 
100  pounds  CaS04  +  3}  tons  CaCQi 
500  pounds  CaS04  +  3}  tons  CaCOa 
500  pounds  CaS04  +  3i  tons  CaCQi 

1000  pounds  CaS04  +  3}  tons  CaCQi 

1000  pounds  CaS04  +  3}  tons  CaCQi 


AMMOMXnCAClOM      NinxnCATlOM 


136.76 

132.04 

211.20 

211 

120.95 

120.59 

134.28 

133.57 

121.54 

124.49 

198.12 

193.28 

204.02 

207.32 

192.69 

195.29 


20211 


134.40 
20 
120.77 
133.92 
123.01 
195.70 
205.67 
193.99 


^1 


^s. 


9.4 

9.4 

14.6 

16.0 

10.4 

11.4 

8.0 

9.1 

8.5 

8.0 

14.0 

14.3 

12.6 

12.6 

13.6 

13.6 


mgrn, 

9.40 

15.30 

10.90 

8.55 

8.25 

14.15 

12.60 

13.60 


MfM. 

3.0 
3.0 
5.0 
5.0 
3.0 
3.0 
2.0 
2.0 
1.0 
1.0 
14.5 
14.5 
6.5 
6.5 
5.0 
5.0 


MfM. 

3.0 
5.0 
3.0 
2.0 
1.0 
14.5 
6.5 
5.0 


Ammonification  was  decreased  at  this  sampling  by  all  the  applications  of 
gypsum,  the  greatest  decrease  occurring  with  the  smallest  application.  Lime 
alone  showed  an  increase  in  ammonification  and  gypsum  with  lime  also  showed 
a  considerable  increase  over  the  check  soil,  but  a  smaller  effect  than  the  lime 
alone. 
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Nitrification  was  also  decreased  by  gypsum  akxie,  excq>t  with  the  100- 
poond  ^>plication,  but  when  hme  was  used  with  the  gypsum  the  process  was- 
stimulated.  The  greatest  increase  in  nitrification,  however,  was  secured,  as 
in  the  case  of  ammonification,  by  the  application  of  lime  alone. 

Azofication  was  decreased  by  the  larger  applications  of  gypsum,  while  the 
application  of  100  pounds  per  acre  had  no  effect  When  used  with  lime 
distinct  increases  in  azofication  were  secured,  the  greatest  increase  occurring 
with  the  smallest  amount  of  gypsum.  In  every  case  the  two  materials  showed 
a  greater  effect  than  the  lime  alone. 

At  this  sampling  gypsum  alone  did  not  increase  the  process  of  ammonifica- 
tion,  nitrification  and  azofication,  but  in  most  cases  showed  slight  decreases. 
When  used  with  lime,  however,  there  were  obtained  increases  in  azofication 
greater  than  from  lime  alone,  ^trification  and  ammonification  were  not- 
thus  affected. 

EFFECT  OF  GYPSUM  ON  B.  RADiaCOLA 


The  results  of  the  tests  of  the  quantities  of  nitrogen  fixed  by  the  pure  cul- 
ture of  B.  radiciccla  from  the  nodules  of  red  clover  appear  in  table  8. 

TABLE  8 
Ejf€Ci  of  sUHUmoUoh  of  the  soil  oh  atoficaUan  by  B.  radicicoiafrom  red  clover  and  on  nUrifcaUom 


pouMM  ov  CaSOi  AMD  Ton  ov  CaCOi  pbk  acu 


None 

None 

3}  tons  CaCOb 

aitonsCaCOb 

500  pounds  CaSOi 

500  pounds  CaSOi 

500  pounds  CaSOi  +  3}  tons  CaCOb 
500  pounds  CaSOi  +  3i  tons  CaCOs 


Ti 


9.25 
12.25 

9.75 
10.25 
11.25 

8.25 
14.25 
18.75 


10.75 
10.00 

9.75 
16.50 


-I- 

is 


4.75 

5.25 
11.25 
16.75 

9.25 
12.25 

9.25 
11.75 


5.0O' 
14.00 
10.75 
10.50 


The  amoimt  of  nitrogen  fixed  by  B,  radicicola  in  the  \msterilized  soil  was 
somewhat  reduced  by  the  gypsum  while  the  lime  brought  about  practically 
no  effect.  The  two  materials  together,  however,  gave  a  decided  increase^ 
In  the  sterilized  soil  both  lime  a,nd  gypsum  increased  the  fixation  of  nitrogen, 
the  lime  giving  the  greater  effect.  The  influence  of  the  two  materials  in  this 
case,  however,  was  no  greater  than  the  effect  of  gypsum  alone  and  was  smaller 
than  the  effect  of  the  lime  alone. 
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The  results  secured  on  the  amounts  of  nitrogen  fixed  by  B,  radicicola  from 
alfalfa,  field  peas,  red  clover  and  soybeans  are  given  in  table  9. 

TABLE  9 
Soil  studies  on  the  OMoficatian  by  B,  radicicola^  strains  of  alfalfa,  fidd  poos,  red  davor  amd 

soybeans 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


MUMM  01  CaSOl  AND  TOM  ov  CaCOi 


None 

None 

3iton8CaCQi 

3itonsCaCOi 

100  pounds  CaSQi 

1 00  pounds  CaSOi 

500  pounds  CaSOi 

500  pounds  CaSOi 

1000  pounds  CaSOi 

1000  pounds  CaSOi 

100  pounds  CaSO«  +  3i  tonsCaCXH 

100  pounds  CaS04  +  Si  tons  CaCOi 

500  pounds  CaSO«  +  Si  tons  CaCQi 

500  pounds  CttSOi  +  Si  tons  CaCQi 
1000  pounds   CaSOi  +  Si   tons 

CaCXH 

1000  pounds  CaSOi  +  Si   tons 
CaCO* 


1.15 
1.15 
4.25 
4.25 
4.25 
4.25 
4.25 
4.25 
6.75 
6.75 
6.25 
5.75 
4.25 
4.25 

4.25 

4.25 


1.15 
4.25 
4.25 
4.25 
6.75 
6.00 
4.25 

4.25 


4.25 
4.25 
3.75 
3.75 
3.75 
3.75 
9.25 
11.25 
8.75 
8.75 
6.75 
6.75 
6.25 
6.25 

6.25 

6.25 


rngM. 
4.25 
3.75 
3.75 
10.75 
8.75 
6.75 
6.25 

6.25 


n 


ii 


0.25 
0.25 
2.75 
2.25 
1.75 
1.75 
1.75 
1.75 
4.25 
4.25 
2.25 
2.75 
4.75 
4.75 

3.25 

3.25 


0.25 
2.50 
1.75 
1.75 
4.25 
2.50 
4.75 

3.25 


Id 


MgM, 

6.75 
6.75 
4.75 
4.75 
3.75 
3.75 
7.75 
7.75 
6.25 
6.25 
7.75 
7.75 
8.25 
8.25 

6.25 

6.25 


6.75 
4.75 
3.75 
7.75 
6.25 
7.75 
8.25 

6.25 


Observing  the  table,  it  is  foimd  that  the  amoimt  of  nitrogen  fixed  by  the 
organisms  from  alfalfa  was  increased  by  the  application  of  gypsum  to  the  soil, 
the  100-pound  and  500-pound  applications  showing  the  same  eflFect  while  the 
1000-poimd  amoimt  gave  a  greater  effect.  The  lime  showed  about  the  same 
influence  as  the  smaller  amounts  of  gypsum  and  the  two  materials  together 
no  effect  on  the  single  application  except  with  the  100-pound  application 
when  a  slight  gain  was  noted.  In  the  case  of  the  organism  from  the  fidd 
peas  the  lime  and  smallest  amount  of  g3rpsum  had  no  effect,  but  the  larger 
amounts  of  gypsum  showed  a  distinct  increase.  The  two  materials  together 
had  less  effect  than  the  gypsum  alohe  txctpt  in  the  case  of  smallest  amount 

The  organism  from  red  clover  produced  an  increase  in  nitrogen-fixing  power 
by  both  lime  and  gypsum,  the  largest  amount  showing  the  greatest  effect. 
With  the  two  materials  together,  slightly  greater  effects  were  noted  except  in 
one  case. 

■OIL  w:nMcs,  yol.  oc,  mo.  S 
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The  soybean  organism  was  reduced  in  fixing  power  by  the  lime  and  100 
pounds  of  gypsum,  but  the  larger  amounts  of  gypsum  had  little  effect.  The 
two  materials  together  had  little  effect  over  the  gypsum  alone  except  with  the 
smallest  amoimt  when  a  gain  wa3  noted. 

It  is  evident  from  these  results  in  general  that  the  amount  of  nitrogen  fixed 
by  B.  radicicola  was  increased  when  the  larger  quantities  of  gjrpsum  weiie 
applied;  the  smaller  amounts  frequently  showing  a  decrease.  An  applicatioii 
of  lime  with  gypsum  did  not  seem  to  have  any  pronounced  effect  on  the  nitro- 
gen fixed  and  indeed,  in  several  cases,  lime  with  large  amounts  of  g3rpsuin 
actually  decreased  the  amount  of  nitrogen  fixed  when  compared  with  the 
effects  of  large  amounts  of  gypsum  applied  alone. 

The  results  secured  on  the  nitrogen  fixed  by  B.  radicicola  in  solution  tests 
with  various  amounts  of  gypsum  applied,  appear  in  table  10. 


TABLE  10 
Solution  studies  on  the  asofication  by  B.  radicicola,  strains  of  alfalfa,  field  peas,  red  daver 

and  soybeans 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


POUKD8  OV  CaS04  AMD  TONS  OV  CftCOl 
FBR  ACRX 


None 

None 

2tonsCaCOi 

2  tons  CaCOi 

100  pounds  CaSOi 

100  pounds  CaSOi 

500  pounds  CaSO« 

500  pounds  CaSOi 

1000  pounds  CaSOi 

1000  pounds  CaSOi 

100  pounds  CaS04  +  2  tons  Ca(X)i 

100  pounds  CaS04  +  2  tons  CaCOi 

500  pounds  CaSOi  +  2  tons  CaCOi 

500  pounds  CaSOi  +  2  tons  CaCOi 
1000  pounds  CaS04     +     2     tons 

CaCOi 

1000  pounds  CaS04     +     2     tons 
CaCQ, 


4 
II 


2.5 
2.6 
2.8 
2.9 
2.2 
2.2 
2.6 
2.5 
3.0 
2.8 
2.7 
3.0 
2.4 
2.6 

2.8 

3.0 


2.56 
2.85 
2.20 
2.55 
2.90 
2.85 
2.50 

2.90 


^1 
II 


mt". 
2.7 
2.0 
1.7 
1.9 
2.2 
2.1 
2.4 
1.8 
2.0 
4.4 
2.5 
2.4 
2.5 
2.4 

2.5 

2.3 


2.35 


1.80 


2.15 


2.10 


3.20 


2.45 


2.45 


2.40 


infiM. 
2.5 
2.5 
2.3 


2.4 
1.3 
1.3 
2.9 
1.8 

1.6 

1.8 


IMfNK. 

2.50 
2.30 
1.60 
2.00 
2.45 
1.30 
2.85 

1.70 


8 

h 


1.8 
2.0 
1.8 
1.7 
2.0 
2.9 
2.9 
2.3 
2.9 
3.0 
2.2 
2.5 
2.6 
2.5 

2.1 

1.9 


I 

< 


1.90 
1.75 
2.45 
2.60 
2.95 
2.35 
2.55 

2.00 


Examining  this  table  it  is  found  that  there  was  no  marked  increase  or 
decrease  in  the  amounts  of  nitrogen  fixed  by  any  of  the  cultures  either  with 
the  application  of  gypsum  alone  or  with  the  addition  of  gypsum  and  lime 
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together.  In  a  few  cases  slight  increases  in  the  amounts  of  nitrogen  fixed 
were  obtained  where  the  largest  amounts  of  gypsum  were  applied,  but  the 
influence  in  these  cases  was  not  great. 

The  amounts  of  nitrogen  fixed  by  B,  radicicola  were  much  greater  in  the 
soil  than  in  the  solution,  which  fact  is  very  likely  due  to  the  differences  in  the 
soil  and  the  solution  as  a  medium  for  the  growth  of  these  organisms.  The 
liquid  medium  is  hardly  as  satisfactory  for  the  study  of  the  activities  of  soil 
micro5iganisms,  since  aeration  conditions  are  generally  unsatisfactory  for 
their  best  activities. 

CROP  RESULTS 

The  results  of  the  crop  tests  of  clover  and  wheat  appear  in  table  11. 

TABLE  11 
Crop  yidds — dry  weight 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


POTODS  or  CaSOi  amd  tohs  or  CaCOi 

PES  ACU 


Dry  weight 
per  pot 


None 

None 

3J  tons  CaCOi 

3  i  tons  CaCOi 

100  pounds  CaSOf. . .: 

100  pounds  CaSOi 

500  pounds  CaSOi 

500  pounds  CaS04 

1000  pounds  CaSOi 

1000  pounds  CaSOi 

100  pounds  CaS04  +  3}  tons  CaCQi. 

100  pounds  CaSOi  +  3}  tons  CaCQi 

500  pounds  CaSOf  +  3}  tons  CaCOb 

500  pounds  CaSOi  +  Si  tons  CaCQi 
1000  pounds  CaS04  +  Si  tons  CaCOb 
1000  pounds  CaSOi  +  3^  tons  CaCOb 


gm. 

60.00 
70.00 
94.50 
116.50 
64.00 
67.00 
68.00 
69.00 
69.00 
64.00 
86.00 
89.00 
70.50 
78.00 
80.00 
78.00 


Avenge 


Dj^'**'    A.«M. 


gm, 
65.00 
105.50 
65.50 
68.50 
66.50 
87.50 
74.25 
79.00 


gm. 

80.00 

70.00 

120.00 

123.00 

70.00 

72.00 

73.00 

78.00 

134.00 

131.00 

115.00 

111.00 

120.00 

127.00 

125.00 

122.00 


75.00 
121.50 
71.00 
75.50 
132.50 
113.00 
123.50 
123.50 


Observing  the  results  given  in  this  table  it  is  evident  that  the  application 
of  gypsum  alone  did  not  show  any  effect  on  the  3rield  of  wheat,  but  the  largest 
application  of  g3rpsum  greatly  increased  the  3rield  of  red  clover.  lime  alone 
increased  the  3deld  of  the  wheat  crop  considerably,  but  when  applied  with 
gypsum  the  increase  was  much  smaller;  the  effect  was  greater,  however,  than 
where  gypsum  was  used  alone.  Lime  alone  and  lime  with  gypsum  increased 
the  3delds  of  the  red  clover  crop,  but  in  no  case  was  the  increase  quite  as 
great  as  when  gypsum  was  applied  alone  at  the  rate  of  1000  pounds  per  acre. 

Examining  the  crop  yields  obtained  in  tables  13,  14,  15  and  16,  it  is  still 
more  evident  that  the  gypsum  applications  did  not  increase  to  any  marked 
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extent  the  3nields  of  alfalfa,  field  peas,  red  clover  and  soybeans,  when  these 
crops  were  inoculated  with  the  proper  cultures  of  B.  radicicda. 

Taking  the  crop  results  as  a  whole,  it  is  evident  that  applications  of  gypsum 
had  very  little  effect,  if  any,  on  wheat  or  leguminous  crops  grown  on  Miami 
silt  loam  soil. 

THE  AVAILABILITY  OF  PLANT-FOODS 

The  results  obtained  on  the  acidity  of  the  soil  and  on  the  production  of 
water-soluble  potassium  are  given  in  table  12. 

TABLE  12 
Acidity  and  soluble  potassium 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


or  CaSOi  and  toms  or  CaCOi 

PtK  ACU 


None 

None 

3iton8CaCOk 

3lton8CaCQi 

100  pounds  CaSOi 

100  pounds  CaS04 

500  pounds  CaS04 

500  pounds  CaS04 

1000  pounds  CaSOi 

1000  pounds  CaSOi 

100  pounds  CaS04  +  31  tons  CaCOi . . 

100  pounds  CaS04  +  3i  tons  CaCOi . . 

500  pounds  CaS04  +  31  tons  CaCOi . . 

500  pounds  CaS04  +  3}  tons  CaCOi . . 
1000  pounds  CaS04  +  3i  tons  CaCQi . . 
1000  pounds  CaS04  +  3i  tons  CaCOi . . 


8 


lbs, 

(SOO 

675 

None 

None 

1625 

1625 

1875 

1850 

1900 

1900 

125 

100 

50 

200 

25 


lbs. 


637 


1625 


1862 


1900 


112 


125 


125 


I 


.0037 
.0037 
.0075 
.0077 
.0036 
.0036 
0020 
0020 
0048 
0047 
0099 
0099 
0098 
0095 
0093 


00900 


0.0037 
0.0076 
0.0036 
0.0020 
0.0047 
0.0099 
0.0096 
.0091 


lbs. 

74 

74 

150 

154 

72 

72 

40 

40 

96 

94 

198 

198 

196 

190 

186 

180 


111 


Ihs, 

74 

152 

72 

40 

95 

198 

193 

183 


Observing  these  results  it  is  found  that  the  acidity  of  the  soU  was  increased 
by  the  application  of  gypsum,  the  larger  amount  giving  the  greatest  increase. 
Beyond  500  pounds  per  acre,  however,  there  seemed  to  be  little  additional 
influence  on  the  acidity.  The  acidity  in  the  untreated  soil  was  much  less 
than  when  the  experiment  was  begun,  probably  because  of  the  alkalinity  of 
the  tap  water  used  on  the  soil. 

The  production  of  water-soluble  potassimn  in  the  soil  was  apparently  not 
affected  by  the  use  of  smaller  amounts  of  gypsum,  but  there  was  a  slight 
increase  when  1000  poimds  were  used.  With  the  500-pound  application  there 
was  a  slight  decrease  but  the  difference  was  not  great.  The  application  of 
lime  alone  and  lime  with  gypsum  increased  considerably  the  production  of 
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soluble  potassium,  the  greatest  increase  occurring  when  the  smallest  amount 
of  gypsum  was  used,  but  the  difference  here  was  not  great.  Gypsum  and  lime 
together  seemed  to  exert  a  greater  effect  than  lime  alone. 

The  effects  of  gypsum  on  the  production  of  soluble  potassium,  on  the  total 
nitrogen  content  of  the  soil  and  on  the  total  potassium  and  total  nitrogen  in 
alfalfa  are  shown  in  table  13. 

TABLE  13 
Bfects  of  gypsum  on  the  soMiiUy  of  potassium  and  on  the  total  nitrogen  content  of  the  inoculated 

soil  and  crop  of  alfalfa 


i 

i 

g. 

CROP 

SOIL 

Crop 
yields 

Total 
nitrogen 

Total 
potaadum 

Total 
nitrogen 

1 

I 

1 

r 

11 

h 

P 

1 

i! 

i 

III 

* 

o 

a 

& 
gm. 

< 

(Li 

< 

04 

< 

5 

a! 

< 

04 

< 

lbs. 

ItlU 

gm. 

mgm. 

mgm. 

1 

NU 

Nfl" 

3.25 

3.08 

1.41 

93 

0.0029 

57.80 

2 

Nil 

mi 

3.30 

1.33 

93 

0.0016 

32.16 

3 

m 

Kfl 

3.30 

3.60 

1,44 

93 

0.0022 

45.02 

4 

NU 

Nfl 

3.27 

3.60 

3.39 

1.22 

1.35 

93 

93 

0.0022 

0.0022 

45.02 

45.00 

5 

Nil 

3i 

3.30 

3.10 

1.30 

87 

0.0029 

57.80 

6 

Nil 

3i 

3.20 

1.27 

87 

0.0016 

32.16 

7 

NU 

3i 

3.00 

2.98 

1.06 

89 

0.0016 

32.16 

8 

Nil 

3i 

3.15 

3.20 

3.12 

1.09 

1.18 

89 

88 

0.0012 

0.0018 

25.72 

36.96 

9 

100 

NU 

3.75 

3.48 

1.42 

93 

0.0029 

57.80 

10 

100 

Nn 

3.60 

1.49 

93 

0.0022 

45.02 

11 

100 

Nn 

2.50 

3.60 

1.39 

93 

0.0032 

64.32 

12 

100 

Kil 

3.12 

3.60 

3.57 

1.36 

1.41 

93 

93 

0.0032 

0.0029 

64.32 

57.86 

13 

500 

Nn 

2.50 

3.76 

1.56 

98 

0.0016 

32.16 

14 

500 

m 

3.76 

1.41 

90 

0.0029 

57.80 

15 

500 

Nfl 

3.25 

3.62 

1.44 

93 

0.0029 

57.80 

16 

500 

Nil 

2.87 

3.62 

3.69 

1.52 

1.48 

94 

94 

0.0025 

0.0025 

51.45 

49.80 

17 

1000 

Nn 

3.75 

3.54 

1.43 

93 

0.0012 

25.72 

18 

1000 

Nn 

4.06 

1.06 

93 

0.0019 

38.59 

19 

1000 

Nn 

4.00 

3.66 

1.22 

92 

0.0045 

90.04 

20 

1000 

Nn 

3.50 

3.66 

3.73 

0.99 

1.17 

106 

96 

0.0054 

0.0032 

109.34 

65.92 

21 

100 

3i 

5.40 

3.64 

0.83 

92 

0.0041 

83.61 

22 

100 

3i 

3.64 

0.80 

95 

0.0041 

83.61 

23 

100 

3i 

4.25 

3.16 

0.67 

93 

0.0016 

32.16 

24 

100 

31 

4.70 

3.50 

3.48 

0.73 

0.76 

92 

93 

0.0016 

0.0028 

32.16 

57.88 

25 

500 

3i 

3.25 

3.60 

0.98 

93 

0.0Q16 

32.16 

26 

500 

3i 

3.50 

0.94 

93 

0.0019 

38.59 

27 

500 

3i 

4.50 

3.24 

0.70 

116 

0.0029 

57.80 

28 

500 

3i 

3.75 

3.10 

3.36 

0.73 

0.84 

116 

104 

0.0025 

0.0022 

51.45 

45.00 

29 

1000 

3i 

5.50 

4.24 

0.95 

95 

0.0019 

38.59 

30 

1000 

3i 

4.14 

0.95 

94 

0.0012 

25.72 

31 

1000 

3i 

3.00 

3.72 

0.90 

93 

0.0029 

57.80 

32 

1000 

3i 

4.25 

3.76 

3.96 

0.900.87 

94 

0.0029 

0.0022 

57.80 

44.98 
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Examining  this  table  it  is  quite  evident  that  there  was  little  effect  on  ttie 
crop  yields;  slight  increases  were  noted  when  gypsum  and  lime  were  applied 
together.  The  total  nitrogen  and  total  potassium  content  of  the  crop  was 
not  affected  by  the  application  of  gypsum. 

The  total  nitrogen  content  of  the  soil  was  not  affected  by  the  gypsum  except 
in  one  case  when  lime  and  gypsum  at  the  rate  of  1000  poimds  per  acre  w^e 
applied  together  and  this  result  is  not  conclusive. 

The  water-soluble  potassium  in  the  soil  was  increased  by  the  application 
of  gypsum  and  the  greatest  increase  occurred  when  the  gypsum  was  added  at 
the  rate  of  1000  pounds  per  acre.  The  application  of  lime  alone  lowered 
slightly  the  amount  of  soluble  potassium  in  the  soU  and  its  use  with  gypsum 
in  most  cases  also  reduced  the  action  of  gypsum  alone  upon  the  production 
of  soluble  potassium. 

The  results  secured  in  a  similar  test  with  Canada  field  peas  instead  of  alfalfa 
appear  in  table  14. 

Observing  the  results  in  this  table,  it  is  found  that  the  application  of  gyp- 
sum did  not  increase  the  crop  yield  except  in  one  case  and,  in  fact,  in  most 
instances  a  depression  was  noted. 

The  total  nitrogen  and  total  potassium  in  the  crop  was  little  influenced  by 
the  gypsum  either  alone  or  with  lime,  and  in  the  case  of  the  500  and  1000- 
pound  applications  of  gypsum  alone  decreases  were  noted.  Lime  alone  did 
not  increase  the  nitrogen  content  of  the  crop,  but  a  slight  increase  in  potas- 
sium occurred,  which  disappeared,  however,  when  gypsum  was  added  with 
the  lime. 

The  application  of  gypsimi  had  little  or  no  effect  on  the  nitrogen  content 
of  the  soil,  only  in  one  instance  showing  any  appreciable  influence. 

The  water-soluble  potassium  in  the  soU  was  increased  by  gypsum  alone, 
the  greatest  increase  occurring  with  the  largest  application.  Lime  alone 
decreased  the  soluble  potassium  and  when  it  was  applied  with  g3rpsum  there 
was  an  increase  which  was  greater  than  that  of  gypsum  alone,  except  where 
the  largest  amoimt  of  g3rpsum  was  used. 

The  results  obtained  on  the  tests  with  red  clover  are  given  in  table  15.  It 
may  be  seen  that  the  crop  3deld  was  increased  by  the  100-pound  application 
of  gypsum  but  when  lime  was  used  with  gypsum,  decreases  occurred.  The 
nitrogen  content  of  the  crop  was  not  affected  by  either  the  lime  or  the  gjrpsum. 

The  potassium  content  of  the  crop  was  increased  enormously  by  the  g3rpsum 
in  all  amounts.  Lime  alone  had  no  effect  and  the  two  materials  together 
showed  no  increase  over  the  effect  of  gypsum  alone. 

The  application  of  gypsimi  had  practically  no  effect  on  the  nitrogen  content 
of  the  soU  and  lime  had  only  a  slight  effect.  The  production  of  water-soluble 
potassium  in  the  soil  was  decreased  by  the  application  of  gypsimi,  except 
where  the  largest  amount  was  applied,  when  there  was  no  effect.  Lime  alone 
decreased  the  soluble  potassium  and  when  used  with  gypsum  there  was  no 
effect  except  with  the  100-poimd  application,  when  a  slight  increase  was 
noted. 
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The  results  secured  with  soybeans  appear  in  table  16.  Examining  this 
table,  it  is  found  that  gypsum  applied  in  amounts  larger  than  100  poimds 
per  acre  decreased  the  crop  3nield.  When  lime  was  used  a  slight  increase  was 
noted  and  lime  with  100  pounds  of  gypsiun  gave  a  still  greater  gain.  With 
1000  pounds  of  gypsum  plus  lime,  however,  a  decrease  over  the  effect  of  lime 
alone  was  noted. 

TABLE  14 

Effects  of  gypsum  on  the  solubility  of  potassium  and  on  the  total  nitrogen  content  of  the 

inoculated  soil  and  crop  of  Canada  fidd  peas 


i 

I 

CKOF 

SOIL 

CiDp  yield. 

ToUl 
nitrogen 

ToUl 
potaasiam 

Total 

1 

I 

1 

ll 

4 

l§1 

1 

4 

I 
ll 

ris 

s 

o 

a 

PL. 

•< 

A4 

< 

£ 

< 

•5 

fS 

< 

04 

< 

lbs. 

Itu 

fW. 

fM. 

num. 

Mfm. 

1 

NO 

NU 

10.35 

3.16 

1.70 

92 

0.0019 

38.59 

2 

Nil 

Nn 

3.16 

1.54 

92 

0.0019 

38.59 

3 

Nfl 

NU 

8.70 

2.94 

1.35 

92 

0.0012 

25.72 

4 

Nfl 

ITil 

9.52 

2.96 

3.05 

1.41 

1.50 

92 

92 

0.0014 

0.0016 

28.70 

32.90 

5 

Nfl 

3i 

7.00 

3.02 

1.96 

96 

0.0014 

28.70 

6 

Nfl 

3i 

3.02 

1.83 

92 

0.0016 

33.44 

7 

Nfl 

3i 

6.30 

3.04 

1.62 

88 

0.0012 

25.72 

8 

Nfl 

3i 

• 

6.65 

3.02 

3.02 

1.60 

1.71 

88 

91 

0.0012 

0.0013 

25.72 

28.40 

9 

100 

NO 

8.25 

3.04 

1.44 

100 

0.0019 

38.59 

10 

100 

NU 

3.06 

1.31 

95 

0.0025 

51.45 

11 

100 

Nfl 

9.75 

3.00 

1.54 

89 

0.0019 

38.59 

12 

100 

Nfl 

9.00 

2.98 

3.02 

1.55 

1.46 

86 

92 

0.0019 

0.0020 

38.59 

41.78 

'  13 

500 

ira 

11.90 

2.84 

1.36 

98 

0.0019 

35.36 

14 

500 

Nfl 

2.80 

1.35 

0.0019 

38.59 

15 

500 

Nfl 

10.50 

2.94 

1.06 

97 

0.0019 

* 

38.59 

16 

500 

Nfl 

11.20 

2.84 

2.85 

1.06 

1.21 

97 

97 

0.0019 

0.0019 

38.59 

37.78 

17 

1000 

Nfl 

9.60 

3.20 

0.96 

87 

0.0025 

51.44 

18 

1000 

Nfl 

1.12 

87 

0.0024 

48.24 

19 

1000 

Nfl 

7.15 

2.88 

1.46 

87 

0.0027 

54.67 

20 

1000 

Nfl 

8.37 

2.88 

2.99 

1.44 

1.24 

87 

87 

0.0027 

0.0026 

54.67 

52.25 

21 

100 

3i 

5.65 

1.86 

92 

0.0035 

70.75 

22 

100 

3i 

1.86 

93 

0.0036 

73.96 

23 

100 

3i 

9.00 

2.94 

1.46 

88 

0.0018 

37.31 

24 

100 

3J 

7.32 

2.94 

2.94 

1.35 

1.63 

89 

90 

0.0018 

0.0027 

37.31 

54.83 

25 

500 

3i 

7.25 

3.24 

1.52 

88 

0.0041 

83.61 

26 

500 

3i 

3.24 

1.59 

92 

0.0038 

77.18 

27 

500 

3i 

6.65 

3.28 

1.60 

92 

0.0028 

57.88 

28 

500 

3i 

6.95 

3.28 

3.26 

1.54 

1.56 

89 

90 

0.0028 

0.0034 

57.88 

69.14 

29 

1000 

3i 

9.85 

2.90 

1.55 

89 

0.0016 

32.16 

30 

1000 

3i 

2.90 

1.46 

89 

0.0016 

32.16 

31 

1000 

3i 

7.65 

2.76 

1.57 

85 

0.0016 

32.16 

32 

1000 

3i 

8.75 

2.72 

2.82 

1.39 

1.49 

86 

87 

0.0016 

0.0016 

32.16 

32.16 
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The  nitrogen  content  of  the  crop  was  enhanced  by  the  gypsum  when  used 
with  lime,  however  there  was  little  increase  over  the  effect  of  the  lime  alone. 
The  total  potassium  in  the  crop  was  not  affected  by  the  gypsum  but  when 
lime  was  used  with  the  gypsum  a  decrease  occurred. 

Gypsum  alone  had  little  effect  on  the  nitrogen  content  of  the  soil,  a  slight 
increase  occurring  only  in  the  case  of  the  1000-pound  application.    Used 


TABLE  15 


BffecU  of  gypsum 

tm  the  solubility  of  potassium  and  on  the  total  nitrogen  content  of  the 
inoculated  soil  and  crop  of  red  dooer 

OYPSTTir 

(CaSOi) 

PEl 
ACU 

BTOMB 

(CCOi) 
m 

ACRB 

CKOF 

son. 

Crop  yfeldfl 

Toul 
nitrogen 

Total 
potMsium 

Total 
nitrogen 

Water-Mluble  potuaiiun 

NDMBER 

1 

< 

if 

i 

h 

< 

§1 

111 

i 

^ 

h 

< 

i 

lis 

lbs. 

ions 

gm. 

tm. 

mgm. 

mgm. 

1 

Nil 

Nil 

5.00 

3.36 

0.98 

93 

0.0035 

70.75 

2 

Nfl 

Nil 

3.38 

0.98 

93 

0.0022 

45.02 

3 

Nil 

NU 

6.35 

3.12 

0.98 

90 

0.0022 

45.02 

4 

m 

Nil 

5.67 

3.12 

3.24 

1.01 

0.99 

92 

92 

0.0035 

0.0028 

70.75 

57.88 

5 

Na 

31 

3.95 

3.08 

0.95 

99 

0.0016 

32.16 

6 

NU 

3i 

3.08 

0.98 

99 

0.0022 

45.02 

7 

Nil 

3i 

6.60 

3.10 

0.99 

100 

0.0016 

32.16 

8 

Nil 

3i 

5.27 

3.36 

3.13 

1.04 

0.99 

100 

99 

0.0028 

0.0020 

57.88 

41.80 

9 

100 

NU 

6.75 

3.24 

2.58 

92 

0.8019 

39.87 

10 

100 

Nil 

3.08 

2.50 

92 

0.0016 

32.16 

11 

100 

Nil 

8.30 

3.08 

2.17 

95 

0.0019 

38.59 

12 

100 

NU 

7.52 

3.08 

3.12 

2.17 

2.35 

92 

93 

0.0035 

0.0022 

70.75 

45.34 

13 

500 

Nil 

6.40 

3.48 

2.37 

0.0025 

51.45 

14 

500 

Nil 

3.46 

2.60 

90 

0.0032 

64.32 

15 

500 

NU 

5.50 

3.48 

2.66 

97 

0.0025 

51.45 

16 

500 

Nil 

5.95 

3.48 

3.42 

2.68 

2.58 

96 

94 

0.0025 

0.0027 

51.45 

54.66 

17 

1000 

Nil 

4.45 

3.46 

2.31 

99 

0.0035 

70.75 

18 

1000 

NU 

3.48 

2.44 

98 

0.0025 

51.45 

19 

1000 

Nil 

6.05 

3.52 

2.41 

98 

0.0019 

57.88 

20 

1000 

Nil 

5.25 

3.40 

3.46 

2.54 

2.42 

98 

98 

0.0035 

0.0028 

70.75 

57.88 

21 

100 

3i 

4.25 

3.52 

2.55 

98 

0.0035 

70.75 

22 

100 

3i 

3.52 

2.60 

97 

0.0032 

64.32 

23 

100 

3i 

4.60 

3.44 

2.26 

99 

0.0025 

51.45 

24 

100 

3i 

1.42 

3.44 

3.48 

2.29 

2.40 

95 

97 

0.0032 

0.0031 

64.32 

62.71 

25 

500 

31 

5.50 

3.40 

1.92 

95 

0.0019 

38.59 

26 

500 

3i 

3.40 

1.96 

94 

0.0022 

45.02 

27 

500 

3i 

3.75 

3.58 

2.24 

92 

0.0032 

64.32 

28 

500 

3i 

1.62 

3.48 

3.49 

2M 

2.14 

92 

93 

0.0029 

0.0025 

57.88 

51.45 

29 

1000 

3i 

2.80 

3.36 

2.12 

97 

0.0029 

57.88 

30 

1000 

31 

3.50 

1.99 

96 

0.0029 

57.88 

31 

1000 

3i 

4.80 

3.36 

2.15 

99 

0.0022 

45.02 

32 

1000 

3i 

3.80| 

3.36 

3.39 

2.13 

2.10     99 

93 

0.0022 

0.0025 

45.02 

51.45 
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ynih  lime  no  additional  increase  occurred.  The  soluble  potassium  in  the 
soU  was  increased  by  the  use  of  g3rpsum  but  lime  caused  a  decrease.  Lime 
used  with  the  gypsum  decreased  the  soluble  potassium. 

TABLE  16 

Effects  of  gypsum  on  the  solubility  of  potassium  and  on  the  total  nitrogen  content  of  the  soil  and 

crop  of  soybeans 
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DISCUSSION  OF  UeSULTS 


A  study  of  the  results  of  the  bacterial  tests,  as  summarized  in  tables  17, 
18  and  19,  reveals  the  fact  that  gypsum  applied  in  various  amoimts  had 
little  effect  on  ammonification  and  nitrification  in  the  particular  soil,  showing 
in  most  cases  a  slight  depression  in  these  processes,  but  azofication  was 
increased,  especially,  when  used  with  lime. 

TABLE  17 
Summary  of  ammonificatum  results 


POUNDS  Of  CaS04  AMD  TONS  OV  CftCOt 
VMM.  ACBX 


None 

3itonsCaCOi 

100  pounds  CaS04 

500  pounds  CaSO* 

1000  pounds  CaSOi 

100  pounds  CaSOi  +  3}  tons  CaCOk 

500  pounds  CaS04  +  3}  tons  CaCOt 
1000  pounds  CaS04  +  3i  tons  CaCOk 


AVXKAOB  AMKONXA  NXTEOGBM  IN  100  GK.  OT 


Sam-      Sam-      Sam-      Sam-      Sam- 
pling 1    pUng  2    pUng  3    pling  4    pUng  5 


mgm, 
130.80 
150.35 
124.95 
139.75 

62.90113 

71.85 

72.70 

66.6 


96.601133 
138.38 

89.43 
102.35 
63 
154.28 
115.77 
135.85 


162 
130 
128 
135 
141 
148 
158 


126. 
151, 
120. 
124. 
114. 
129. 
168. 
155. 


134. 
203 
142 
143 
136. 
209 
207. 
172. 


Sam- 
p]iiig6 


mgMu 
541134.40 
211.20 
120.77 
133.92 
123.01 


44195.70 


205.67 
193.99 


TABLE  18 
Summary  of  nitrification  results 


VODNDS  or  CaSOi  and  tons  of  CaCOi 


None 

3}  tons  CaCOk 

100  pounds  CaSOi 

500  pounds  CaSOi 

1000  pounds  CaS04 

100  pounds  CaS04  +  3}  tons  CaCQi 

500  pounds  CaS04  +  3i  tons  CaCOt 
1000  pounds  CaS04  +  3}  tons  CaCOt 


AVnAOB  niratx 


NmOGKN  IN  100  QIC  OF 
ADL-DEYSOIL 


Sam- 
plingl 


10.50 
16.56 
8.90 
9.30 
10.44 
17.30 
20.65 
20.60 


Samr       Sam-      Sam- 
pling 2    pling  3    pling  4 


mgm, 

13.90 

15.70 

12.20 

13.30 

16.40 

17.70 

17.30 

12.25 


mgm, 

18.20 

24.50 

20.65 

14.40 

15.30 

17.00 

16.20 

15.55 


14.67 
21.87 
12.27 
12.37 
9.05 
12.97 
13.77 
17.96 


Sam- 
plings 


12.30 
17.50 
9.60 
7.20 
10.40 
15.45 
16.00 
14.70 


Sam- 
pling6 


9.40 
15.30 
10.90 
8.55 
8.25 
14.15 
12.60 
13.60 


The  ammonifying  power  of  the  soU  was  depressed,  except  in  a  few  cases,  by 
the  different  amoimts  of  gypsum  alone,  the  particular  amount  exerting  the 
greatest  depression  varying  at  the  different  samplings.  The  results  are 
extremely  irregular  and  probably  definite  conclusions  should  not  be  drawn 
along  this  line.  The  application  of  lime  alone  greatly  stimulated  this  process 
but  the  use  of  gypsum  with  lime  in  general  gave  a  smaller  effect  than  the 
lime  alone.    The  two  materials,  however,  brought  about  a  distinct  increase 
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over  the  ammonification  in  the  untreated  soil.  Whatever  the  cause  of  the 
injurious  effect  of  gypsum  on  ammonification  it  is  evidently  partly  overcome 
by  the  presence  of  the  lime.  This  would  seem  to  indicate  that  the  injury 
was  due  to  the  acidity  developed. 

The  nitrifying  power  of  the  soil  also  was  depressed  by  the  gypsum  in  prac- 
tically all  cases,  and  in  general  the  larger  amounts  brought  about  the  greater 
decreases.  Lime  alone  stimulated  the  process  of  nitrification  considerably 
and  the  application  of  gypsum  and  lime  together  also  gave  an  increase  over 
the  nitrification  in  the  check  soil,  but  after  the  second  sampling  the  stimula- 
tion was  never  as  marked  as  it  was  when  lime  was  used  alone.  At  the  first 
two  samplings  there  were  indications  of  slight  increases  from  the  two  mate- 
rials together  over  lime  alone,  but  the  results  are  not  very  definite.  Again, 
the  lime  seems  to  overcome  the  injurious  effect  of  gypsum,  in  part  at  least, 
but  even  with  lime  present  the  gypsimi  does  not  seem  to  exert  any  beneficial 
effect. 

TABLE  19 
Summairy  of  oMoficaUtm  results 


1 
2 
3 
4 
5 
6 
7 
8 


rouHM  OF  CaS04  amd  tors  or  CaCOi 


None 

31  tons  CaCOk 

100  pounds  CbSOa 

500  pounds  CaS04 

1000  pounds  CaS04 

100  pounds  CaSO«  +  3i  tons  CaCOt . 

500  pounds  CaS04  +  3i  tons  CaCQi. 
1000  pounds  CaS04  +  3i  tons  CaCOk . 


AVnAOB  MIZKOOBW  nZID  V  100  OH.  OF 
Ant-ISRTSOIL 


Sam. 
plingl 


1.50    1 

4.50    1 

6.25 

4.00 

4.12 
10.75 
10.55 
12.25 


Sam- 
pliiig2 


SUB- 

pKngS 


2.75 
2.25 
4.75 
1.75 
2.25 
3.50 
3.37 
9.75 


Sam-      Sam 
pling  4    pling  5 


mgM, 
2.90 
5.60 
9.60 
2.60 
2.65 
6.35 
6.60 
3.35 


2.00 
4.50 
1.50 
2.00 
3.50 
6.50 
8.50 
5.50 


Sam- 
plmg6 


WfW. 


00 
00 
00 
00 
00 


14.00 
6.50 
5.00 


With  few  exceptions,  the  azof)ang  power  of  the  soil  was  increased  by  the 
application  of  the  smallest  amoimt  of  gypsum  alone  at  the  earlier  samplings. 
The  larger  amoimts  of  gypsum,  however,  gave  definite  increases  in  azofication 
only  at  the  first  two  samplings  and  at  the  later  dates  little  effect  was  noted. 

Lime  alone  produced  a  stimulation  in  this  process  but  when  gypsum  was 
used  with  lime  the  increases  were  much  more  pronounced.  In  the  case  of 
this  process,  the  gypsum  seems  to  have  no  depressing  effect  as  on  ammonifica- 
tion and  nitrification,  and  hence  it  would  seem  that  there  can  be  little  increase 
in  acidity  inasmuch  as  azofication  is  sensitive  to  acidity.  Evidently  sulfate 
benefits  this  process  while  it  has  a  different  effect  on  the  other  processes.  It 
may  be  that  the  food  requirements  of  the  particxilar  bacteria  are  very  different. 

The  amounts  of  nitrogen  fixed  by  B,  radicicda  were  much  greater  in  the 
soQ  than  in  the  solution.  Gypsum  generally  increased  the  process,  the  great- 
est increase  occurring  with  the  largest  application  of  gypsum.    The  fact  that 
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a  greater  amount  of  nitrogen  was  fixed  in  the  soU  than  in  the  soluti(Mi  is  very 
probably  due  to  the  difference  between  the  soil  and  the  solution  as  a  medium 
for  the  best  bacterial  activities. 

The  crop  3delds  are  so  extremely  variable  that  conclu^ons  are  difficult 
In  general,  however,  it  seems  that  g3rpsimi  alone  had  littie  effect  either  on 
wheat  or  on  the  various  legumes.  In  a  few  cases  increases  were  noted  and 
in  others  slight  decreases  were  evidenced,  but  in  general  the  differences  secured 
were  not  very  definite.  Lime  and  gypsum  together  likewise  exerted  little 
effect  on  the  crops  and  in  general  gypsum  used  with  lime  did  not  increase  the 
yield  of  legumes  over  lime  alone. 

The  acidity  of  the  soil  was  increased  by  the  applications  of  gypsum  alone, 
the  larger  amounts  producing  the  greatest  increase.  When  applied  with  lime, 
the  gypsum  brought  almost  a  slight  acid  condition  in  the  soil,  whereas  the 

TABLE  20 
Production  of  water-soluble  potassium  in  the  soil 


FOUNDS  OF  CaSOi  AMD  TONS  OF  CftCOs 
PBK  ACS! 


None 

ajtonsCaCOi 

100  pounds  CaS04 

500  pounds  CaS04 

1000  pounds  CaS04 

100  pounds  CaS04  +  31  tons  CaCOt. 

500  pounds  CaS04  +  3}  tons  CaCOi 
1000  pounds  CaS04  +  3}  tons  CaCQi . 


AVKKAOB 

WATBft-SOLU- 

BLB 

FOTASSIUM 

FE&  AOtX 

IN 

FALLOW  SOIL 


lbs. 

74 
152 

72 

40 

95 

198 

193 

183 


AVKKAGB  WA1S&-eOI.UBLK 

FOZASSnTM  Pn  ACSJC  IN  DfOCU- 

LATXD  SOILS  GKOWIKO 

CROPS  OF 


Alfalfa 


lbs. 

45 
36.96 
57.86 
49.80 
65.92 
57.88 
45.00 
44.98 


Canada 
field 


lbs. 
32.90 
28.40 
41.78 
37.78 
52.25 
54.83 
69.14 
32.16 


Red 
clover 


a>s, 

57.88 
41.80 
45.34 
54.66 
57.88 
62.71 
51.45 
51.45 


.Soy. 


lbs. 

63.33 
51.45 
70.75 
77.37 


44.98 
38.59 


limed  soil  gave  a  neutral  reaction.  It  would  seem  evident  from  these  results 
that  gypsum  does  make  the  soil  acid  and  when  used  lime  should  be  applied 
in  sufficient  amounts  so  that  no  injurious  effect  can  occur. 

The  production  of  water-soluble  potassium  in  the  fallow  soil  was  appar- 
entiy  not  affected  by  the  use  of  smaller  amounts  of  gypsum  as  shown  in  table 
20,  but  there  was  a  slight  increase  when  the  largest  application  of  g3rpsum 
was  used.  The  application  of  lime  alone  and  lime  with  g3rpsum  increased 
considerably  the  production  of  soluble  potassium  in  the  fallow  soil.  G3rpsum 
and  lime  together  seemed  to  exert  a  greater  effect  than  lime  alone. 

The  production  of  soluble  potassium  in  the  soil  where  the  l^uminous  crops 
were  grown  was  increased  in  general  by  the  applications  of  gypsum  alone, 
the  largest  increase  occurring  with  the  largest  addition  of  g3rpsum.  The 
appUcation  of  lime  alone  in  all  cases  decreased  the  production  of  soluble 
potassium  in  the  soils  where  legumes  were  grown  but  the  use  of  gypsum  with 
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lime  sometimes  brought  about  an  increase.  Again  the  results  axe  somewhat 
variable  but  in  general  the  smaller  amounts  of  gypsum  with  lime  proved 
benefidaly  while  the  larger  quantities  showed  little  effect. 

The  utilization  of  soluble  potassium  in  the  crops  would  not  explain  the 
difference  between  these  results  and  those  secured  on  the  fallow  soU,  and 
hence  it  would  seem  that  the  results  are  not  sufficiently  definite  to  warrant 
conclusions.  The  use  of  gypsum  alone,  however,  i^parently  brings  about 
distinct  increases  in  the  production  of  water-soluble  potassiiun,  and  hence 
the  beneficial  effect  of  the  material  on  crops  may  sometimes  be  due  to  this 
action. 

SUMMARY 

The  results  of  these  experiments  lead  to  the  following  conclusions: 

1.  Ammonification  was  decreased  by  the  appKcation  of  gypsum  alone,  the 
greatest  decrease  occurring  with  the  largest  application  of  the  material.  lime 
favored  ammonification  and  lime  with  gypsum  showed  less  effect  in  general 
than  lime  alone. 

2.  Nitrification  was  similarly  depressed  by  gypsum  alone  but  the  use  of 
gypsum  and  lime  together  increased  this  process. 

3.  One-hundred-pound  applications  of  gypsum  stimulated  azofication  and 
the  larger  amounts  also  stimulated  the  process  in  most  cases,  but  to  a  less 
extent  than  the  smaller  amount  alone  increased  azofication. 

4.  The  amounts  of  nitrogen  fiixed  by  B.  radicicola  were  much  greater  in  the 
soU  than  in  the  solution.  Gypsum  generally  increased  the  process,  the  great- 
est increase  occurring  with  the  largest  application  of  gypsum. 

5.  The  1000-pound  application  of  gypsum  increased  the  3n[eld  of  red  clover; 
other  applications,  however,  did  not  have  any  effect  either  on  the  wheat  or  on 
the  other  l^uminous  crops.  Lime  alone  increased  the  yield  of  wheat  and 
dover  considerably. 

6.  The  application  of  gypsum  increased  the  acidity  of  the  soU,  the  larger 
amoimts  giving  the  greatest  increase. 

7.  The  nitrogen  and  the  potassium  content  of  the  leguminous  crops  were 
not  affected  by  gypsum,  except  in  the  case  of  red  plover  when  an  enormous 
increase  in  its  potassium  content  was  noted. 

8.  -The  nitrogen  content  of  the  soil  was  not  markedly  affected  by  gypsum. 

9.  A  slight  increase  occurred  in  the  production  of  soluble  potassium  in 
fallow  soU  by  the  addition  of  1000  pounds  of  gypsum  alone,  but  the  other 
applications  did  not  show  any  effect.  Lime  alone  increased  the  soluble 
potassium  considerably  and  lime  with  gypsmn  gave  increases  over  the  lime 
alone. 

10.  When  leguminous  crops  were  grown  the  production  of  soluble  potassium 
was  greatiy  increased  by  the  use  of  gypsum  alone,  the  greater  increase  ocoir- 
ring  with  the  larger  applications. 
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ABSTRACT 

This  paper  reports  a  preliminary  study  of  soil  moisture  conditions  con- 
sidered from  a  dynamic  point  of  view,  as  these  are  related  to  the  wilting  of 
ordinary .  plants.  These  conditions  afifect  the  plant  directly  through  the 
water-supplying  power  of  the  soil,  by  which  is  meant  the  capacity  of  the 
soil  to  operate  as  a  S3^tem  or  machine  delivering  water  to  the  absorbing  sur- 
faces of  the  plant  roots.  Of  course,  this  water-supplying  power  of  the  soil, 
for  any  given  temperature,  depends,  in  its  turn,  upon  a  complex  of  static 
conditions,  such  as  the  sizes  and  kinds  of  the  solid  particles  in  the  soil,  their 
arrangement  (packing)  and  the  water  content  per  unit  of  soil  volume.  It  is 
impossible,  however,  to  derive  from  such  of  the  static  soil  features  as  can  be 
measured  and  expressed  in  quantitative  terms,  any  single  numerical  expres* 
sion  for  the  water-supplying  power  of  a  given  mass  of  soil.  It  has  therefore 
seemed  desirable  to  approach  this  whole  problem  from  the  d3mamic  side  and 
to  attempt  to  measure  the  water-supplying  power  directly,  somewhat  as  the 
evaporating  power  of  the  air  is  measured  by  means  of  atmometers.  If  this 
might  be  accomplished  it  would  make  it  possible  to  study  the  daily  or  seasonal 
march  of  soil  water-supplying  power  in  a  manner  similar  to  that  in  which  the 
evaporating  power  of  the  air  may  now  be  studied. 

The  method  employed  in  this  preliminary  study  involved  the  use  of  small, 
porous-porcelain  cones  all  having  approximately  the  same  area  of  surface  in 
contact  with  the  soil.  At  the  time  of  a  determination  a  weighed,  dry  cone  is 
thrust  into  the  soil  and  left  for  a  suitable  time  period,  after  which  it  is  re- 
moved, quickly  brushed  free  from  adhering  soil,  and  reweighed.  The  amount 
of  water  absorbed  from  the  soil  by  the  instrument  is  taken  as  an  approximate 
measure  of  the  water-supplying  power  of  the  soil.  This  way  of  approaching 
the  important  problem  of  soil  moisture  is  new,  as  is  also  the  device  employed, 
but  the  results  thus  far  secured  indicate  considerable  promise  for  future 
developments. 

Plants  of  Coleus  blumei  and  of  wheat  {TrUicum  sativum)  were,  grown  in 
twelve  different  soils,  including  a  heavy  loam,  a  sand  and  a  very  pure  humus, 
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together  with  various  mixtures  of  loam  and  sand,  loam  and  humus,  and  sand 
and  humus.  When  the  plants  were  in  healthy  condition  the  watering  of  the 
cultures  was  discontinued  and  wilting  was  allowed  to  occur.  At  or  about  the 
critical  stage  of  ^'permanent  wilting"  the  water-supplying  power  of  the  soil 
about  the  roots  was  determined  by  the  new  method.  It  was  found  that  this 
value  was  from  0.04  to  0.11  gm.  (average,  0.085)  for  2  hours  and  for  the 
porous  porcelain  cones  used.  The  average  was  the  same  for  Coleus  as  for 
wheat.  In  the  case  of  Coleus  the  variations  of  this  value  from  culture  to 
culture  were  not  at  all  related  to  the  kind  of  soil  or  to  its  water-holding  power; 
sand,  loam  and  humus  all  agreed,  when  the  plants  were  about  the  critical  point, 
in  giving  a  value  of  0.09.  In  the  case  of  wheat  there  is  some  suggestion  that 
the  soils  of  higher  water-holding  power  gave  very  slightly  higher  values  than 
did  the  others;  for  sand,  loam  and  humus  the  corresponding  values  were  0.04, 
0.09  and  0.10,  respectively.  But  each  test  is  based  on  only  a  single  deter- 
mination, so  that  this  is  but  a  suggestion.  In  any  event,  the  index  of  water- 
supplying  power  may  be  regarded  as  practically  the  same  for  all  twelve  soils. 
It  will  probably  be  found  to  difiFer  markedly  for  different  kinds  of  plants 
(although  it  seems  to  be  about  the  same  in  the  cases  of  Coleus  and  wheat), 
for  the  same  kind  of  plant  grown  under  different  moisture  conditions,  and  for 
plants  of  the  same  kind  grown  imder  the  same  moisture  conditions  but 
brought  to  permanent  wilting  under  different  moisture  conditions.  The 
water-supplying  power  of  all  these  soils,  at  the  beginning  of  permanent  wilt- 
ing in  these  plants,  was  between  0.1  and  0.5  per  cent  of  the  water-supplying 
power  just  after  a  thorough  watering  of  the  pots,  this  latter  value  bcdng  the 
same  for  all  the  soils  tested. 

INTRODUCTION 

The  subterranean  environmental  moisture  complex  is  directly  influential 
upon  plants  through  the  water-supplying  power  of  the  soil,  as  has  been  em- 
phasized by  Livingston  (6,  7, 12, 14).  As  far  as  plant  water-relations  are  con- 
cerned, a  soil  is  satisfactory  for  growth  if  it  can  supply  water  to  the  root 
system  as  rapidly  as  the  latter  can  absorb  it;  the  rate  of  external  water  sup- 
ply at  the  absorbing  surfaces  does  not  become  a  limiting  condition  for  growth 
until  this  rate  falls  below  the  rate  of  absorption  demanded  by  the  internal 
conditions  of  the  plant.  If,  however,  the  soil  is  not  capable  of  supplying 
moisture  to  the  root  system  as  rapidly  as  the  latter  can  take  it  up,  then  the 
soil-moisture  complex  becomes  a  limiting  condition  for  growth.  As  long  as 
such  a  state  of  affairs  prevails  the  growth  of  the  plant,  and  other  features  of  its 
activity,  must  be  more  or  less  markedly  different  from  what  they  would  be  if 
water  were  more  rapidly  furnished  to  the  roots. 

The  capacity  of  a  given  soil  mass  to  deliver  water  to  the  root  s)rstem  of  a 
plant  rooted  in  it,  might  be  relatively  determined  and  defined  as  the  maxi- 
mum possible  rate  at  which  that  particular  soil  mass  (at  the  given  instant) 
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is  capable  of  delivering  water  to  some  standard  water-absorbing  surface. 
Relative  measurements  of  the  water-suppl3dng  powers  of  soils  might  be  ex- 
pressed in  terms  of  the  number  of  milligrams  of  water  that  could  be  delivered, 
in  a  unit  of  time,  at  a  square  centimeter  of  absorbing  surface  within  the  soiL 
Of  course  the  actual  absorbing  surface  used  must  be  capable  of  removing  the 
water  as  rapidly  as  it  is  delivered.  It  is  obvious  that  the  water-suppl3dng 
power  of  a  given  body  of  soil  at  any  given  instant  may  vary  from  place  to 
place  within  the  soil  (as  at  different  depths,  etc.),  and  that  the  numerical  index 
of  this  soil  condition  must  alter  in  value  from  time  to  time  for  any  given 
r^on  in  the  soil. 

This  dynamic  point  of  view  with  regard  to  soil  moisture  is  very  different 
from  the  one  heretofore  generally  taken  in  soil  science  and  plant  ph3rsiology. 
It  promises  to  open  the  way  to  a  definite  advancement  of  our  knowledge  of  the 
water  relations  of  .plants,  in  somewhat  the  same  way  as  did  the  introduction 
of  a  corresponding  point  of  view  regarding  the  moisture  conditions  of  the  air 
(6,  8,  9).  The  experiments  reported  in  this  paper  were  planned  as  a  working 
test  of  one  method  by  which  the  water-suppl3dng  power  of  the  soil  may  be 
studied  directly,  somewhat  as  the  capacity  of  a  machine  to  do  the  work  of 
suppl3ring  water  to  the  plant  roots.  A  niunber  of  other  methods  have  sug- 
gested themselves  to  one  of  the  writers,  from  time  to  time  during  the  period 
since  1904,  and  two  or  three  of  them  have  received  some  attention  in  the 
literature  (6,  13,  14).  The  ones  previously  tested  have  shown  themselves 
to  be  more  suitable  for  refined  laboratory  work  on  artificially  prepared  masses 
of  soil  than  they  are  for  the  field  operations  in  regard  to  which  adequate 
measurements  of  this'  d3mamic  soil  condition  are  so  greatly  needed.  The 
method  resorted  to  in  the  present  experiments  is  much  simpler  in  its  concep- 
tion and  much  more  satisfactory  in  use  than  any  other  that  has  thus  far  been 
suggested  in  the  literature,  and  it  has  considerable  promise  for  field  work. 
This  paper  has  been  prepared  partly  to  bring  the  dynamic  point  of  view  more 
into  the  prominence  which  it  deserves  in  these  connections,  and  partly  with  the 
hope  that  other  interested  workers  may  test  and  improve  the  method  here 
introduced,  the  present  writers  being  unable  to  carry  the  work  farther  in  the 
immediate  future. 

As  in  the  case  of  other  conditions  that  directly  affect  the  plant,  the  water- 
supplying  power  of  the  soil  is  dependent  upon  a  complex  of  secondary  condi- 
tions, including  the  static  features  generally  discussed  in  connection  with 
the'  subterranean  water  relations  of  plants.  For  any  given  small  region  in  any 
given  soil,  at  any  given  instant  of  time,  the  water-supplying  power  is  clearly  a 
function  of  a  considerable  number  of  measurable  characters.  Some  of  these 
static  features  are  capable  of  definite  description,  but  not  all  of  them  (12) 
can  be  readily  characterized  by  single  numerical  indices,  and  the  intrinsic 
difficulties  here  encountered  are  so  great  that  there  is  no  apparent  hope  for 
any  indirect  derivation  of  the  index  of  the  water-supplying  power  through 
the  employment  of  secondary  indices.    If  the  kinds,  sizes  and  arrangement 
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of  the  solid  soil  particles  might  be  represented  by  a  sin^^e  numerical  value 
and  if  the  soil  water  content  might  be  similarly  stated,  it  would  still  be  neces- 
sary to  know  just  how  to  combine  these  two  secondary  values  in  order  to 
obtain  a  true  index  of  the  water-suppl3ring  power.  One  of  these  two  soil 
features,  the  water  content,  can  be  nicely,  but  somewhat  laboriously,  deter- 
mined for  any  given  region  in  a  field  soil  by  the  method  devised  by  Pulling 
(13).  The  work  of  obtaining  information  on  this  point  for  hundreds  of  sofl 
samplings  (at  different  times,  for  different  depths,  etc.)  is  at  best  not  inviting, 
however.  The  other  important  static  feature  (or  group  of  features)  that  woukl 
need  evaluation  for  an  indirect  computation  of  a  numerical  value  for  the 
water-supplying  power,  is  still  farther  beyond  us  at  present;  no  satisfactory 
method  for  its  estimation  has  been  even  suggested.  The  mechanical  analysis 
dirows  no  helpful  light  on  the  subject.  Determination  of  the  water-holding 
power  or  of  the  water  equivalent  would  require  that  this  static  feature  should 
be  measured  without  disturbing  the  arrangement  (packing)  of  the  soil  par- 
ticles, and  this  is  not  readily  feasible  at  present.  On  the  whole,  the  indirect 
determination  of  the  water-suppl3ang  power  (the  only  soil  feature  that  directly 
influences  plants,  as  far  as  their  water  relation  is  concerned)  is  quite  hopelessly 
out  of  the  question  at  present,  even  if  it  were  desirable  to  approach  the  problem 
in  such  a  round-about  manner. 

The  calculation  of  a  numerical  index  for  an  immediately  effective  environ- 
mental condition,  from  values  representing  conditions  that  are  not  immedi- 
ately effective  upon  the  plant  (conditions  that  influence  the  plant  only  through 
their  determination  of  the  effective  condition,  which,  in  turn,  influences  the 
plant),  is  logically  undesirable  in  every  case.  It  is  f^  more  satisfactory  to 
measure  the  intensity  and  duration  of  the  effective  condition  directly,  nrfienever 
this  can  be  done.  Thus,  the  evaporating  power  of  the  air  may  be  directly 
measured  by  atmometric  methods,  without  dealing  with  measurements  of  air 
temperature,  air  moisture  and  air  movement,  and  without  attempting  the  very 
diffictdt  operation  of  integrating  these  three  data  to  give  an  index  of  evaporating 
power.  From  such  considerations  as  those  suggested  above  it  becomes  in- 
creasingly clear  that  feasible  ways  for  making  durect  measurements  of  the 
water-supplying  power  of  the  soil  are  among  the  greatest  present  desiderata 
in  soil  science,  plant  ph3rsiology,  ecology,  etc.  This  d3mamic  ccmdition  cannot 
be  evaluated  by  indirect  means  and  it  would  be  undesirable  to  evaluate  it 
indirectly  even  if  that  were  possible  and  feasible. 

POROUS-PORCELAIN  SOIL-POINTS  FOR  THE  QUANT[TATEVE  DETERMINATION 
OP  THE  WATER-SUPPLYING  POWER  OF  THE  SOIL 

The  new  method  for  directly  obtaining  a  single  numerical  index  of  the 
d3mamic  soil  feature  here  emphasized  is  based  on  the  fact  that  dry,  unglazed, 
porous  porcelain  exhibits  a  remarkable  capillary  attraction  for  water,  so  that 
this  material  may  be  made  to  present  a  good  water-absorbing  surface  to  the 
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soil.  Our  method  consists,  in  short,  in  placing  an  ''artificial  root,"  made  of 
dry  porous  porcelain,  in  the  soil  and  determining  how  much  water  is  absorbed 
in  a  given  time  period.  It  is  desirable  that  determinations  be  made  as 
easily  and  as  rapidly  as  possible,  and  the  soil  must  not  be  disturbed  more 
than  is  absolutely  necessary  in  making  a  determination.  Also,  determinations 
of  the  water-supplying  power  of  the  soil  need  to  be  made  for  various  depths  as 
well  as  for  di^erent  positions  in  a  horizontal  plane. 

With  these  ideas  in  mind,  the  ''artificial  roots"  were  planned  as  hollow 
cylinders  of  porous  porcelain  (similar  to  the  material  out  of  which  porous- 
porcelain  atmometer  cups,  etc.,  are  made)  having  one  end  open  while  the 
other  is  dosed  and  tapers  to  a  conical  point.  A  portion  of  the  surface 
nearest  to  the  pointed  end  is  water-proofed,  as  is  also  the  entire  cylindrical 
surface  and  a  ring  of  the  conical  surface  adjacent  to  its  junction  with  the  cy- 
lindrical part.  Tliere  is  left,  for  water  absorption,  a  conical  surface  that 
may  be  readily  brought  into  close  contact  with  the  soil  at  any  depth.  Both 
the  water-proofed  and  the  absorbing  surfaces  are  of  such  nature  that  clinging 
soil  particles  may  be  easily  removed  by  brushing,  and  the  porcelain  is  sufficiently 
resistant  so  that  there  is  practically  no  danger  of  any  of  this  material  being 
lost.  The  instrument  is  first  dried  and  weighed  in  the  dry  condition,  it  is  then 
inserted  in  the  soil  at  the  place  to  be  investigated,  and  left  for  a  suitable  time 
period,  after  which  it  is  removed,  brushed  and  leweighed.  The  increase  in 
weight  is  a  measure  of  the  amount  of  water  absorbed  from  the  soil.  The 
instnunent  can  be  used  repeatedly,  but  of  course  requires  to  be  dried  before 
each  application.  These  "artificial  roots"  have  been  termed  soil^points  for 
the  present  discussion;  *a  better  term  may  be  evolved  later  if  the  instrument 
becomes  generally  used. 

It  is  seen  at  once  that  this  method  involves  the  use  of  a  number  of  soil- 
points  in  the  same  study  and  that  it  is  desirable  that  th^  should  be  as  nearly 
alike  in  their  water-absorbing  power  as  is  possible.  This  means  that  the 
water-absorbing  part  should  be  of  the  same  sort  of  material  and  that  this 
surface  should  have  the  same  area  and  form  in  all  instruments.  It  is  pos- 
sible that  different  kinds  of  material  and  different  sizes  and  fonns  of  water- 
absorbing  surface  may  be  used  interchangeably  if  suitable  coefficients  of  cor- 
rection  have  been  obtained  by  preliminary  standardization,  but  this  possibility 
has  not  yet  been  studied. 

The  soil-points  thus  far  available  are  13.5  cm.  long,  the  cylindrical  portion 
being  "8  cm.  long  and  2.5  cm.  in  outside  diameter.  The  wall  is  about  3  mm. 
thick.  The  conical  portion  is  5.5  cm.  long  and  tapers  from  a  point  to  an 
outside  diameter  of  2.5  cm.  They  are  water-proofed  from  the  tip  for  a  dis- 
tance of  about  1  cm.  and  the  absorbing  portion  extends  from  the  margin  of 
this  water-proofed  area  to  the  lower  margin  of  the  water-proofed  upper  por- 
tion, the  conical  absorbing  surface  being  2.  cm.  high,  1.1  cm.  in  diameter  at 
one  end  and  2  cm.  in  diameter  at  the  other.  The  absorbing  surface  therefore 
has  an  area  of  proximately  of  10  sq.  cm. 
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To  insert  the  points  in  pots  of  soil  without  pebbles  or  other  obstacles  it  is 
necessary  simply  to  plunge  them  in  from  the  free  soil  surface,  after  the  manner  of 
setting  a  stake  in  soft  soil.  They  must  be  inserted  far  enough  so  that  all  of 
the  absorbing  surface  shall  be  in  contact  with  the  soil;  otherwise  this  sur- 
face may  be  placed  at  any  desired  depth.  When  the  depth  of  the  soil  region  to 
be  studied  is  so  great  that  the  whole  porcelain  piece  comes  to  lie  below  the 
free  soil  surface,  a  special  device  for  placing  and  recovering  the  soil-point  is 
necessary,  but  this  exigency  was  not  encountered  in  these  preliminary  tests 
and  ways  of  meeting  it  need  not  be  discussed  here. 

If  the  soil  to  be  studied  offers  obstacles  to  the  easy  penetration  of  the  soil- 
points  it  is  desirable  to  make  an  opening  first,  of  the  proper  size  to  receive  the 
instrument.  Perhaps  a  metal  replica  of  the  soil-point  may  be  best  suited  for 
this.  In  our  work  we  have  made  the  preliminary  opening  in  the  soil  by  means 
of  one  of  the  soil-points  that  had  been  completely  water-proofed,  so  as  to  have 
no  absorbing  surface.  For  some  of  the  harder  soils  a  cylindrical  section 
was  first  removed  with  a  cork-borer.    Our  soils  contained  no  pebbles. 

In  thrusting  the  soil-point  into  the  soil  the  conical  portion  acts,  as  it  moves 
downward,  to  displace  the  soil  laterally  and  to  compress  it  to  some  extent. 
This  disturbance  can  not  be  avoided  in  using  any  method  of  the  sort  here 
considered,  but  the  compression  produced  should  be  similar  for  all  tests.  For 
this  reason,  and  for  others,  it  may  be  ignored  for  the  present.  It  may  be  added 
that  this  artificial  compression  of  the  soil  near  the  surface  that  is  to  be  tested 
is  not  unlike  what  occurs  as  a  root  elongates  and  forces  its  tip  into  new  regions 
of  the  soil.  The  compression  should  act  generally  to  render  the  read- 
ings of  the  instrument  a  little  higher  than  would  be  the  case  if  the  soil  were 
not  compressed. 

When  the  absorbing  surface  of  the  soil-point  has  reached  the  desired  depth 
it  is  left  in  position  for  the  standard  time  period,  care  being  taken,  of  course, 
not  to  tilt  the  instrument  laterally  and  thus  break  the  capillary  continuity 
between  the  soil  and  any  part  of  the  conical  surface.  We  have  found  that 
two  hours  is  satisfactory  as  a  standard  time  of  exposure  in  cases  where  the 
water  content  of  the  soil  tested  does  not  approach  the  content  that  satisfies 
the  water-holding  power  of  the  soU.  When  the  soil  is  very  wet  a  shorter 
time  should  be  employed. 

At  the  end  of  the  period  of  exposure  the  soil-point  is  removed  from  the  soil 
and  any  clinging  soil  particles  are  brushed  off,  after  which  it  is  placed  in  a 
weighed  celluloid  cylinder  of  suitable  size,  with  sliding  cap.  The  final  weigh- 
ing should  be  accomplished  without  removing  the  instrument  from  its  case. 
After  this  weighing  the  porcelain  piece  is  removed  from  its  case  and  dried  at 
102**-105**C.,  for  24  hours  or  longer.  It  is  then  taken  from  the  oven  and 
cooled  in  a  desiccator,  being  finally  returned  to  its  case  for  transmission  to 
the  place  where  the  next  exposure  is  to  be  made.  It  is  well  to  store  the  soil- 
points  generally  in  a  desiccator,  although  the  celluloid  cases  are  practically 
sealed  against  water  absorption. 
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EXPERIICENTATION  AND  RESULTS 

In  order  to  be  able  to  test  soils  of  many  different  natures,  we  employed  a 
fine  glass  sand,  a  somewhat  clayey  loam  and  a  humus  containing  very  little 
mineral  matter,  together  with  mixtures  of  sand  and  loam,  sand  and  humus, 
and  loam  and  humus.  Three  mixtures  were  used  for  each  combination,  the 
two  components  having  the  volumetric  proportions  of  1:3,  1:1  and  3:1. 
There  were  thus  twelve  different  soils  in  the  series.  The  water-holding  power 
of  each  soil  was  determined  by  the  Hilgard  method  (1-cm.  column),  and  it 
was  fo\md  that  the  twelve  soil3  might  be  arranged  so  as  to  form  a  rather 
even  series  on  the  basis  of  this  soil  feature.  They  were  nimibered  in  the 
order  of  their  values  for  water-holding  power,  and  their  numbers,  together 
with  the  proportions  of  the  three  components  in  each  case,  and  the  corre- 
sponding water-holding-power  values,  are  shown  in  table  1.  The  water- 
holding  capacity  is  shown  as  percentage  of  the  dry  volume  and  also  as  percent- 
age of  the  dry  weight.  It  is  seen  that  soil  1  is  sand  (with  a  volimietric  water- 
holding  power  of  40.7  per  cent),  no.  6  is  loam  (with  a  corresponding  value 
of  57.7  per  cent)  and  no.  12  is  humus  (with  a  value  of  103.1  per  cent). 

Since  the  soil  feature  under  consideration  is  to  be  dealt  with  as  an  indica- 
tion of  the  relation  between  living  plants  and  the  moisture  conditions  of  the 
soil  about  their  roots,  the  new  method  here  brought  forward  needs  to  be 
tested  by  comparison  with  similar  measurements  obtained  by  biological  tests. 
If  the  reasoning  of  the  preceding  paragraphs  is  correct  and  if  our  proposed 
method  for  approximating  the  water-suppl3dng  power  of  the  soil  is  satisfactory, 
as  a  means  of  describing  a  soil  as  the  latter  might  affect  plants,  then  it  should 
follow  that  soils  giving  similar  water-suppl3dng  powers  ought  to  exert  similar 
influences  on  the  growing  plants  used  as  biological  indicators.  In  order  to 
test  this  proposition  it  is  desirable  to  choose  some  critical  condition  of  the 
plant  in  its  response  to  soil  moisture  conditions  and  to  determine  the  water- 
suppl3dng  powers  of  various  different  soils  at  times  when  all  the  plants  are  in 
the  critical  condition.  As  has  been  said,  the  soil-moisture  complex  of  condi- 
tions does  not  directly  influence  the  plant  unless  the  water-suppl)dng  power 
of  the  soil  has  a  value  low  enough  so  that  this  becomes  a  limiting  condition^ 
for  the  plant  used  and  for  the  particular  complex  of  aerial  conditions,  etc., 
that  is  operative  in  the  test;  in  other  words,  unless  the  soil  fails  to  supply 
moisture  to  the  roots  as  rapidly  as  they  would  absorb  it  if  it  were  adequately 
supplied.  For  any  complex  of  non-soil-moisture  conditions  and  for  any  set  of 
internal  conditions  in  the  plant,  an  inadequate  water-supplying  power  should 
become  notably  influential  upon  the  organism  through  cessation  of  growth, 
progressive  decrease  in  turgor,  wilting,  and  dying  of  the  tissues.  The  degree  of 
incipient  drying  (of  Livingston  and  Brown  (11)  ),  is  not  so  readily  measured 
quantitatively  as  are  some  of  the  S3miptoms  following  the  beginning  of  wilting. 
The  beginning  of  wilting  itself  is  a  critical  condition  in  the  plant,  but  it  is  very 
difficult  to  be  sure  just  when  a  given  individual  plant  begins  to  wilt.    This  is 
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especially  difficult  when  different  kinds  of  plants,  or  differently  grown  indi- 
viduals of  the  same  kind,  are  to  be  compared.  From  a  group  of  various  kinds 
of  plants  that  are  beginning  to  suffer  from  progressive  incipient  drying  it  is 
almost  impossible,  as  yet,  to  separate  those  in  which  wilting  has  actually 
begun  from  those  that  are  not  yet  actually  wilting  and  those  that  have 
already  passed  the  beginning  of  wilting. 

The  only  critical  stage  in  progressive  wilting  that  has  thus  far  received 
much  attention  in  the  literature  is  the  beginning  of  what  has  been  called 
permanent  wilting  (1,  2,  3,  4).  Permanent  wilting  has  been  defined  as  that 
stage  of  progressive  wilting  from  which  recovery  fails  to  occur  within  a  period 
of  24  hours,  if  the  wilted  plants  are  exposed  to  a  practically  water-saturated 
atmosphere  (in  darkness)  during  that  period.  To  detennine  whether  a  given 
plant  is  permanently  wilted,  it  is  thus  necessary  to  subject  it  to  this  24-hour 
exposure  to  saturated  air.  But  this  procedure  throws  no  light  on  the  ques- 
tion as  to  whether  the  plant  may  not  have  already  passed  the  beginning  of 
permanent  wilting.  It  may  be  much  more  seriously  affected  than  it  was  at 
the  beginning  of  this  stage;  indeed,  a  totally  dead  plant  would  fulfil  the 
conditions  of  the  saturated-air  test,  for  it  surely  would  not  recover  dming 
the  test  period. 

By  considerable  practice,  however,  it  is  possible  for  an  observer  to  gain 
such  facility  of  visual  judgment  as  to  be  able  to  detect  the  beginning  of  per- 
manent wilting  with  a  fair  degree  of  precision  in  a  form  with  which  he  is 
familiar,  without  resorting  to  the  saturated-air  test,  except  as  a  check  on 
his  visual  observation  (1,  2,  3,  4,  5,  10,  15).  We  took  advantage  of  this  fact 
and  adopted  the  beginning  of  permanent  wilting  as  the  most  feasible  critical 
condition  to  employ  in  the  comparative  tests.  Healthy  plants  were  grown  in 
each  of  the  twelve  different  soils  already  described,  watering  was  discon- 
tinued when  they  had  attained  a  good  growth,  and  wilting  was  allowed  to 
supervene  and  to  progress  until  the  permanent  stage  had  just  been  attained. 
When  permanent  wilting  had  just  begun  the  soil-point  was  applied  to  the 
soil  and  a  measurement  of  the  water-suppl3dng  power  was  obtained.  If  our 
determination  of  the  beginning  of  permanent  wilting  were  sufficiently  precise, 
and  if  the  soil-point  method  were  satisfactory,  all  readings  obtained  from  the 
soil-points  should  be  approximately  the  same,  with6ut  any  reference  to  what 
kind  of  soil  might  be  involved.  Of  course  it  is  to  be  noted  that  the  beginning 
of  pennanent  wilting  for  any  kind  of  plant  occurs  sooner  when  the  organism 
is  rooted  in  a  soil  with  low  water-holding  power  than  when  it  is  rooted  in  a 
soil  with  higher  water-holding  power,  other  conditions  being  alike  in  both  cases, 
so  that  such  tests  as  we  are  dealing  with  could  not  all  be  made  on  the  same 
day.  The  plants  in  sand  reached  the  critical  stage  of  wilting  several  days 
before  those  in  humus.  The  aerial  conditions  of  the  greenhouse  room  in 
which  our  cultures  stood  were  nearly  the  same  throughout  the  period  of  wilting, 
and  all  cultures  of  a  series  had  been  subjected  to  the  same  aerial  conditions 
throughout  their  earlier  period  of  growth.    The  plants  were  as  nearly  alike  as 
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possible  at  the  time  watering  was  discontinued.  Of  coursei  there  were  chemi- 
cal differences  between  our  different  soils,  but  this  feature  was  puix)Osely 
neglected  in  this  study.  There  are  many  reasons  for  thinking  that  these 
chemical  differences  were  practically  without  influence  in  determining  the 
relation  between  the  beginning  of  permanent  wilting  of  the  plants  and  the 
corresponding  soil-point  values. 

The  plants  used  in  these  tests  were  Coleus  blumei  and  wheat  (TrUicum 
saHvum).  The  Coleus  plants  had  been  propagated  by  cuttings  and  had  grown 
for  several  weeks  in  4-inch  pots  of  the  various  soils  described  above.  The 
wheat  plants  were  grown  from  seed  planted  directly  in  the  potted  soils.  Both 
varieties  were  well  grown  and  apparently  healthy  when  watering  was  discon- 
tinued. Wilting  was  allowed  to  progress  until  the  critical  stage  corresponding 
to  the  beginning  of  Briggs  and  Shantz's  permanent  wilting  had  been  attained, 
previous  experience  with  similar  plants  and  the  saturated-air  test  having 
made  it  possible  to  detect  the  advent  of  this  critical  stage  with  considerable 
precision.  The  beginning  of  permanent  wilting  is  more  easily  and  definitely 
detected  by  visual  observation  in  the  case  of  Coleus  than  in  that  of  wheat 
and  it  is  probable  that  the  Coleus  plants  were  more  nearly  alike  in  their  degree 
of  wilting  at  the  time  of  the  soil  tests  than  were  the  wheat  plants;  this  matter 
will  be  referred  to  in  connection  with  the  results. 

Twelve  different  soil-points  were  used.  They  had  been  subjected  to  sev- 
eral comparative  tests  in  the  same  mass  of  soil  and  had  given  evidence  of  being 
about  alike  in  their  water-absorbing  powers.  As  it  finally  developed,  there 
were  some  differences  in  absorbing  power,  but  these  may  be  neglected  in  the 
present  stage  of  our  knowledge  of  this  new  method.  These  differences  were 
probably  no  greater  than  the  unavoidable  differences  between  the  surface 
contacts  formed  with  the  soil  in  different  tests,  or  than  the  inaccuracies  involved 
in  determining  just  when  the  plants  were  at  the  critical  stage  of  wilting  that 
was  desired. 

At  the  time  the  tests  were  made,  soil  samples  from  the  various  pots  were 
obtained,  by  means  of  a  cork-borer — ^in  the  manner  described  by  Shive  and 
Livingston  (15) — and  the  water  content  of  each  soil  was  determined,  both 
on  the  volumetric  and  on  the  gravimetric  basis.  These  water-content  values 
(expressed  as  percentages  of  the  dry  volume  or  dry  weight  of  the  soil)  corre- 
spond to  the  so-called  ''wilting  coefficients"  of  Briggs  and  Shantz  (12).  This 
index  may  be  called  the  permanent-wiUing  canienl^esidue^  or  critical  contend- 
residue^  of  soil  moisture;  the  values  do  not  represent  "non-available"  water,, 
since  plants  undoubtedly  often  continue  to  absorb  moisture  from  the  soil  at  a 
considerable  rate  long  after  permanent  wilting  has  set  in  and  even  after  they 
are  dead.  In  table  1,  section  IV,  are  shown  the  critical  content-residue 
values  for  the  24  different  pots — 12  different  soils  for  each  kind  of  plant. 
Besides  showing  these  content-residues  as  represented  on  the  usual,  volu- 
metric and  gravimetric  basis  (C  and  c),  table  1  (section  IV)  also  presents  each 
.  value  in  terms  of  the  corresponding  water-holding  power  of  the  soil  (C/A 
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and  c/a).  This  fractional  or  ratio  index  may  be  called  the  critical  contenl- 
residue  fraction,  of  soil  moisture. 

The  values  obtained  by  means  of  soil-points  applied  at  the  roots  of  the 
permanently  wilted  cultures,  are  shown  in  table  1,  section  V  (D),  as  indexes 
of  the  water-suppl3dng  powers  of  the  several  soUs  at  the  time  when  permanent 
wilting  had  begun.  These  values  are  stated  in  terms  of  hundredths  of  a  gram 
<A  water  absorbed  by  each  soil-point  during  an  exposure  period  of  2  hours, 
but  they  are  to  be  regarded  merely  as  relative  values.  This  index  may  be 
called  the  critical  supplying-power^esidue. 

Finally,  the  values  for  the  water-suppl3ang  power  were  obtained  for  each 
of  the  twelve  soils  when  it  had  just  be^i  saturated  and  drained,  in  a  4-inch 
pot  (lO-cm.-colmnn  of  soil).  The  pots  were  plunged  in  water  for  2  hours, 
and  then  drained  in  a  moist  chamber  for  an  hour,  after  which  the  soil-points 
were  applied  in  the  usual  nuumer,  excepting  that  the  exposure  period  was 
shortened  in  this  case  to  30  minutes.  Since  the  entrance  of  water  into  the 
porous  porcelain  of  the  soil-point  acts  directiy  to  decrease  the  water.-absorbing 
power  of  the  material,  and  since  there  is  comparatively  littie  porous  porce- 
lain available  in  the  soil-point  here  employed,  it  is  clear  that  this  instrument 
ought  not  to  be  used  with  a  2-hour  exposure  period  when  the  water-supply- 
ing power  of  the  soil  is  very  high.  This  matter  will  require  future  investi- 
gation, and  will  need  to  be  borne  in  mind  as  the  soil-point  method  is  im- 
proved; in  the  present  case  the  readings  were  obtained  for  half-hour  periods 
and  each  half -hour  value  was  multiplied  by  4,  to  give  a  derived  2-hour  value. 
These  latter  are  presented  in  table  1,  section  III.  Two  separate  tests  are  rep- 
resented in  each  case  and  the  average  value  for  each  soil  is  shown  in  the 
lower  line  of  this  section  of  the  table  (B).  This  index  may  be  termed  the 
greater  water-supplying  power  of  the  soil.  Its  value  may  be  considered  as 
approaching  the  maximum  water-supplying  power  in  each  case,  although  the 
magnitude  of  the  maximum  for  any  soil  mass  is  probably  influenced  by  the 
surroundings,  outside  of  the  mass  itself  (for  example,  the  kind  of  pot  used, 
etc.) .  At  any  rate,  whatever  details  further  study  may  bring  out,  each  of  these 
greater  supplying-power  values  may  be  taken  to  represent  the  condition  of  a 
pot  of  the  corresponding  soil  when  it  has  very  recentiy  been  thoroughly 
watered,  but  after  subterranean  nm-off  has  ceased. 

Corresponding  to  what  we  have  called  the  critical  content-residue  fraction, 
we  have  derived  a  critical  supplying-pawer^esidue  fraction  for  each  soil  and 
plant,  this  being  the  ratio  of  the  critical  suppl3dng-power-residue  to  the  cor- 
responding greater  suppl3ring-power,  and  the  values  of  this  index  are  shown 
in  table  1,  section  V  (D/B). 

It  may  be  remarked  that  the  special  terms  just  defined  have  been  selected 
for  their  descriptive  value  rather  than  for  simple  brevity.  After  workers  in 
this  field  have  become  generally  familiar  with  these  concepts  the  terms  may 
be  shortened  and  allowed  to  become  less  clearly  descriptive.  It  is  not  our 
aim  to  promulgate  any  special  terminology,  although  we  venture  to  hope  that 
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Greek  words  may  not  be  introduced  to  replace  our  English  ones;  it  is  desirable 
that  scientific  terminology  should  be  no  more  pedantic  than  is  really  neces- 
sary for  precision.  Perhaps  the  final  outcome  may  be  that  letters  may  be  em- 
ployed in  place  of  our  somewhat  cumbersome  and  obviously  built-up  expres- 
sions, just  as  has  long  been  true  in  certain  branches  of  physics. 

From  the  data  given  in  table  1  it  is  at  once  evident  that  the  critical  content- 
residue  (C  or  c)  and  the  critical  content-residue  fraction  (C/A  or  c/a)  both 
agree  with  the  water-holding  power  (A  or  a)  in  that  they  show  a  progressive 
increase  in  magnitude  from  a  minimum  index  value  for  the  sand  to  a  maxi- 
mum for  the  humus  soil.  As  was  to  be  expected,  the  higher  the  water-hold- 
ing power  of  the  soil,  the  higher  is  the  critical  content-residue.  The  volu- 
metric water-holding  power  varies  from  40.7  to  103.1  (or  from  unity  to  2.5), 
and  the  corresponding  critical  content-residue  varies  from  2.3  to  48.8  (or 
from  unity  to  21.2)  for  Coleus  and  from  1.6  to  46.2  (or  from  unity  to  28.9) 
for  wheat.  The  critical  content-residue  (representing  the  soil  moisture  con- 
tent at  the  time  of  the  inception  of  the  permanent  wilting  stage)  is  thus  seen 
to  increase  more  rapidly  throughout  the  series  of  soils  than  does  the  water- 
holding  power.  The  former  is  21  or  29  times  as  large,  while  the  latter  is  only 
2.5  times  as  large,  for  the  humus  as  for  the  sand.  Roughly  speaking,  the 
critical  content-residue  increases  in  magnitude  about  ten  times  as  rapidly, 
from  sand  to  humus,  as  does  the  water-holding  power.  The  volimietric 
content-residue  fraction  varies  from  0.06  to  0.47  (from  unity  to  7.8)  for 
Coleus  and  from  0.04  to  0.45  (from  unity  to  11.3)  for  wheat.  Therefore, 
the  value  of  this  ratio  increases  more  rapidly  than  does  the  index  of  water- 
holding  power,  but  not  as  rapidly  as  does  the  index  of  the  critical  content- 
residue.  Both  the  content-residue  and  the  content-residue  fraction  are  appar- 
ently determined  by  conditions  that  differ  from  soil  to  soil,  so  that  neither 
one  of  them  can  be  of  any  direct  use  in  predicting  the  onset  of  permanent 
wilting.  Nor  can  the  water-holding  power  be  used  for  this  purpose,  as  has 
long  been  known,  unless  its  index  is  somehow  combined  with  the  index  of  the 
critical  content-residue,  and  these  data  show  at  least  that  the  quotient  of  the 
latter  divided  by  the  former  (the  critical  content-residue  fraction)  does  not 
represent  a  way  to  accomplish  this  combination. 

It  is  to  be  remembered  that  all  these  soils  are  to  be  considered  as  prac- 
tically alike  at  the  beginning  of  permanent  wilting  for  either  plant;  by  the 
biological  test  the  entire  twelve  were  alike  in  their  moisture  conditions  as  far 
as  these  affect  wilting.  It  follows  that  any  index  or  criterion  of  the  soil- 
moisture  complex  that  might  be  used  for  predicting  the  critical  point  of 
wilting  ought  therefore  to  show  like  values  for  all  soils  when  the  plants  are  all 
in  the  critical  condition.  Turning  again  to  table  1  (section  V,  D),  it  is  seen 
that  this  is  exactly  what  the  critical  supplying-power-residue  does  show.  This 
is  best  demonstrated  for  Coleus,  for  which  the  value  of  this  index  is  exactly 
the  same  (9)  for  sand,  loam  and  humus.  Its  variations,  while  apparently 
considerable  (the  minimum  is  6  and  the  maximum  is  10  in  this  case),  bear  no 


Digitized  by 


Google 


482  BUKTON  £.  LIVINGSTON  AND  UICHIRO  KOKETSU 

suggestion  of  a  relation  to  the  progressively  increasing  series  of  values  that 
have  just  been  considered.  In  this  regard  the  data  for  wheat  are  a  little  less 
definite  in  their  indications,  but  it  is  more  difficult  to  detect  the  beginning 
of  permanent  wilting  in  this  plant  than  in  Coleus,  as  has  been  said.  From 
no.  6  to  no.  12  in  the  soil  series,  the  wheat  data  for  the  critical  suppl3dng- 
power-residue  give  the  same  indication  as  has  just  been  pointed  out  for  the 
entire  series  in  the  case  of  the  other  plant,  but  for  the  lower  soil  ntmibers  this 
index  value  tends  to  be  lower  with  lower  water-holding  power.  As  will  be 
shown  presently,  however,  the  total  variation  (between  4  and  11)  is  really 
negligible  in  the  present  connection.  Also,  it  seems  probable  that  the  wheat 
plants  of  soil  1  had  progressed  somewhat  farther  in  the  drying-out  process 
than  would  be  represented  by  the  beginning  of  permanent  wilting.  It  may 
be  more  nearly  correct  to  consider  the  critical  supplying-power-residue  for 
soil  1  as  6  rather  than  4,  in  which  case  the  total  variation  would  become  less. 
(Making  a  similar  arbitrary  alteration  in  section  IV  of  the  table  would  bring 
the  wheat  data  of  that  section  into  very  close  agreement  with  the  Coleus 
data.) 

The  data  of  table  1,  section  III,  demonstrate  that  the  index  of  greater 
water-supplying  power  (B)  has  practically  the  same  value  for  all  soils,  and 
that  its  variations  exhibit  no  relation  to  the  progressively  increasing  series 
of  the  water-holding-power  values.  Remembering  that  the  soil  series  are 
arranged  in  the  order  of  progressively  increasing  water-holding  power,  the 
truth  of  the  last  statement  is  clearly  established  by  noting  that  the  twelve 
soils,  when  arranged  according  to  increasing  values  of  this  index,  give  the 
following  series  of  soil  numbers:  3,  9,  8,  2,  7,  4,  6,  10  (the  last  two  are 
alike),  12, 11, 1,  5.  There  is  surely  no  relation  between  the  meanings  of  these 
figures  and  the  order  of  their  arrangement. 

These  average  values  of  the  greater  water-suppl3ring-power  range  from  1270 
to  1534  and  the  average  of  averages  is  1412.  The  maximum  is  8.6  per  cent 
greater  than  the  mean  and  the  minimum  is  10  per  cent  smaller.  The  water 
contents  corresponding  to  these  suppl)dng-power  values,  had  they  been 
determined,  must  have  shown  a  progressive  variation  similar  to  that  seen  in 
the  series  of  water-holding-power  values  (A). 

When  the  index  of  the  critical  water-suppl3dng-power-residue  is  divided 
by  the  corresponding  index  of  the  greater  water-supplying  power,  giving  the 
suppl)dng-power-residue  fraction  (table  1,  section  V,  D/B)  we  obtain  another 
series  of  values  that  do  not  show  any  relation  to  the  progressively  increasing 
water-holding-power  values,  and  that  are  to  be  considered  as  all  practically 
alike.  The  last  observation  strengthens  the  conclusion  that  the  critical 
water-supplying-power-residues  (D)  are  to  be  taken  as  all  alike,  in  spite  of 
an  apparently  significant  variation;  they  range  only  from  a  minimum  of  0.5 
to  a  maximum  of  0.8  per  cent  of  the  corresponding  greater  supplying  power, 
for  Coleus,  and  from  a  minimum  of  0.3  (or  perhaps  0.4)  to  a  maximum  of 
0.9  per  cent  for  wheat.    It  is  highly  probable  that  our  values  for  the  greater 
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•suppl3ring  power  are  considerably  too  low,  since  they  are  based  on  a  30-minute 
period,  which  is  probably  too  long  for  this  instnunent  in  such  soils.  Some 
15-minute  determinations  on  sand,  loam  and  humus  gave  an  average  value  of 
3. 157  gm.,  from  which  the  derived  value  for  a  2-hour  period  is  25.256  gm.,  or 
2525.6  hundredths  of  a  gram,  instead  of  the  mean  value  above  derived  from  all 
•soUs,  1412  hundredths.  Taking  these  last  indications  into  account,  we  may 
therefore  conclude  that  the  index  of  water-suppl3dng  power  at  the  inception  of 
permanent  wilting  has  a  value,  for  both  Coleus  and  wheat,  of  between 
-0.1  and  0.5  per  cent  (approximately)  of  the  greater  water-suppl)dng  power. 

GENERAL  CONCLUSIONS 

It  appears  that  the  critical  stage  of  wilting  dealt  with  in  this  paper  (the 
•beginning  of  Briggs  and  Shantz's  permanent  wilting)  occurs  when  the  water- 
supplying  power  of  the  soil  (as  the  latter  becomes  progressively  drier  after 
watering  has  been  discontinued)  has  reached  a  certain  low  value,  and  that  the 
:Soil-point  method  as  here  applied  is  adequate  to  determine  this  value  within  a 
reasonable  degree  of  precision.  For  these  instruments  this  value  lies  be- 
tween 4  and  11  hundredths  of  a  gram  absorbed  in  a  2-hour  period  of  exposure, 
the  mean  being  8.5.  Of  course  this  critical  value  refers  to  the  two  plants  we 
have  preliminarily  tested  and  to  the  particular  complex  of  non-soil-moisture 
conditions  of  the  environment  (chemical  conditions  of  the  soil,  atmometric 
and  light  conditions  of  the  air,  etc.)  with  which  we  have  worked.  The  criti- 
cal value  of  the  water-supplying  power  of  the  soil  here  stated  must  not  he 
thought  of  as  a  constant  for  all  kinds  of  plants  and  for  all  degrees  of  evapora- 
tion, etc.  It  will  not  prove  to  be  a  constant  of  this  sort  any  more  truly  than 
<lid  the  "wilting  coefficient"  of  Briggs  and  Shantz,  which  varies  in  a  regular 
itnd  predictable  way,  for  any  given  soil  and  plant,  with  the  evaporating  power 
of  the  air  that  obtains  during  the  period  of  wilting  (5).  This  critical  water- 
suppl3dng  power  of  the  soil  does  not  vary^  however,  with  the  physical  make-up 
of  the  soil;  it  is  the  same  for  sand,  loam  and  humus  and  for  various  mixtures 
of  these.    Its  relation  to  soil  temperature  has  not  been  studied. 

In  order  to  present  a  dear  picture  of  our  present  conception  of  the  relations 
involved  in  the  advent  of  permanent  wilting,  we  may  trace  briefly  the  march 
of  pertinent  aflFairs  during  the  drying-out  process  that  leads  to  this  critical 
stage  of  wilting.  Consider  a  healthy  plant  (as  of  Coleus),  rooted  in  a  pot  of 
any  kind  of  soil  in  which  it  will  grow  healthily,  and  suppose  temperature  and 
-evaporation  conditions  that  are  not  severe  enough  to  prevent  good  growth 
when  the  soil  is  wet.  Now  suppose  that  water  is  supplied  to  saturate  the  soil 
and  that  watering  is  thereafter  discontinued.  The  water-supplying  power 
of  the  soil  at  this  time  may  be  represented  by  an  index  value  of  about  2000, 
for  our  soil-points  and  for  a  2-hour  period  of  exposure.  As  time  goes  on,  the 
soil  becomes  gradually  drier  and  the  index  value  for  the  water-suppl)dng 
power  decreases.    The  plant  at  first  continues  to  obtain  all  the  water  that  its 
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roots  can  absorb,  and  growth  continues  as  previously.  Sooner  or  later  there 
comes  a  time,  however,  when  the  water-absorbing  power  of  the  plant  is 
greater  than  the  effective  water-suppl3dng  power  of  the  pot  of  soil.  At  this 
stage  incipient  drying  becomes  pronounced  enough  so  that  growth  is  retarded 
or  checked.  With  the  atmometric  conditions  remaining  as  they  were,  but 
with  the  water-suppl3dng  power  of  the  soil  continuing  to  diminish,  cessation 
of  growth  is  soon  followed  by  some  wilting.  At  first,  the  leaves  appear  wilted 
only  for  the  driest  part  of  the  day,  and  recovery  (perhaps  even  a  renewal 
of  growth)  occurs  for  the  night  hours.  As  the  index  of  soil-moistiure-supply- 
ing  power  continues  to  decrease,  there  comes  a  time  when  the  plant  remains- 
obviously  wilted  throughout  the  night.  When  this  is  true,  either  the  evap- 
orating power  of  the  air  is  very  high  or  the  water-supplying  power  of  the  soil 
is  very  low,  or  both.  Supposing  the  atmometric  conditions  to  remain  prac- 
tiodly  unchanged,  however,  with  the  same  diurnal  march  as  they  have  had 
previously,  the  various  stages  of  progressive  wilting  each  correspond  to  a 
certain  value  of  the  continually  diminishing  water-suppl3dng  power,  and  this 
value  would  be  practiodly  the  same  for  all  kinds  of  soils.  Finally,  the  de- 
creasing index  of  water-suppl3dng  power  attains  a  value  of  about  8.5  (having^ 
started  its  decrease  with  a  value  of  about  2000),  for  the  general  conditions  of 
our  experiments,  and  then  permanent  wilting  begins.  If  the  experiment  is 
continued  permanent  wilting  becomes  progressively  more  pronounced  as  the 
moisture-supplying  power  goes  on  decreasing,  and  desiccation  and  the  death 
of  the  plant  eventuaUy  supervene. 

Turning  to  the  prospective  value  of  the  concept  of  water-supplying  power 
and  of  instnunents  suitable  for  its  direct  measurement,  it  is  clear  that  some 
sort  of  standardized  instrument  essentially  similar  to  the  soil-points  used  in 
our  preliminary  study  will  be  a  very  great  aid  not  only  in  physiological  and 
ecological  instnunentation  but  also  in  practical  affairs,  as  in  greenhouse  cul* 
ture,  forest  nursery  work,  and  garden  and  agricultural  operations.  This 
instnunent  forms  a  much  needed  complement  to  the  porous-cup  atmometer, 
and  when  it  becomes  possible  to  employ  the  two  together,  along  with  soil  and 
air  thermometers,  many  of  the  present  obstacles  to  progress  in  ph3rsiological 
ecology  will  disappear.  For  field  work,  the  employment  of  such  instnunenta- 
tion as  is  suggested  by  our  results  will  turn  the  attention  of  students  away 
from  the  mechanical  analysis  of  soils,  the  determination  of  their  water  con- 
tents, the  measurement  of  rainfall,  etc.,  and  will  bring  into  prominence  the 
three  directly  effective  conditional  complexes  (as  far  as  water  relations  are 
concerned);  namely,  the  evaporating  power  of  the  air,  the  evaporating  power 
of  radiation,  &nd  the  water-suppl3dng  power  of  the  soil.  If  these  matters 
may  receive  the  attention  which  they  clearly  deserve  it  may  be  possible  to 
combine  the  atmometric  index,  the  radio-atmometric  index  and  the  index  of  the 
water-supplying  power  of  the  soil,  so  as  to  obtain,  at  length,  a  valuable  single 
index  of  the  environmental-moisture  complex  as  it  affects  plants. 
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In  conclusion,  we  are  very  far  from  regarding  the  present  contribution  as  a 
complete  and  satisfactory  treatise  on  the  problems  with  which  we  have  dealt. 
The  new  apparatus  and  the  methods  of  its  use  are  as  yet  exceediogly  crude,  and 
time  will  be  required  for  the  accomplishment  of  many  improvements  that  are 
as  yet  largely  unthought  of.  Our  paper  is  brought  forward,  in  the  present 
youthful  stage  of  this  sort  of  d3aiamic  study,  with  the  hope  that  others  may 
appreciate  the  importance  of  pressing  forward  along  the  lines  here  suggested, 
to  the  end  that  ph3rsiology,  physiological  ecology,  agriculture  and  forestry 
may  become  progressively  more  quantitative,  more  dyamnic  and  more  precise. 
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CARRIERS  OF  NITROGEN  IN  FERTILIZERS 
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RMdved  for  pabUcAtion  April  26, 1920 

In  the  5-3rear  cereal  rotation  which  has  been  conducted  in  duplicate  on  the 
Wooster  and  Strongsville  fanns  of  the  Ohio  Agricultural  Experiment  Station 
since  1894  at  Wooster  and  since  1895  at  Strongsville,  plots  17,  21,  23,  24  and 
30  have  received  equal  quantities  of  phosphorus,  potassium  and  nitrogen,  the 
phosphorus  being  carried  in  add  phosphate  on  plots  17, 12,  23  and  24  and  in 
add  phosphate  and  tankage  on  plot  30.  The  potassium  has  in  all  cases 
been  carried  in  muriate  of  potash.  The  nitrogen  has  been  carried  in  nitrate 
of  soda  on  plot  17,  in  linseed  oilmeal  on  plot  21,  in  dried  blood  on  plot  23,  in 
sulfate  of  ammonia  on  plot  24  and  in  tankage  on  plot  30.  The  same  com- 
parison has  been  repeated  in  the  potato  rotation  at  Wooster.  Since  1900 
half  the  land  in  the  cereal  rotation  has  been  cross-dressed  with  ground  lime- 
stone, applied  at  the  rate  of  2  tons  per  acre  while  preparing  the  land  for  com. 
At  Wooster  the  other  half  of  the  land  has  been  left  untreated,  while  at  Strongs- 
ville it  has  been  cross-dressed  twice  with  raw  phosphate  rock,  the  total  appli- 
cation amounting  to  1^  tons  per  acre. 

In  these  experiments  every  third  plot  is  left  without  any  fertilizer  or  manure, 
and  the  increase  due  to  the  treatment  is  computed  by  comparing  each  fertilized 
plot  with  the  two  unfertilized  plots  between  which  it  lies,  on  the  assumption 
that  changes  in  the  natural  fertility  of  a  field  are  more  likely  to  be  gradual 
than  abrupt. 

THE  CEREAL  ROTAHON  AT  WOOSTER 

In  tables  1  and  2  the  results  are  shown  in  comparison  both  of  the  total 
yields  of  the  crops  and  of  the  increase  due  to  the  treatments. 

Table  2  shows  that  on  this  add  soil  oats  and  wheat  have  given  larger  yields 
after  nitrate  of  soda  than  after  any  other  treatment,  but  com  and  the  hay 
crops  have  given  the  largest  yields  after  tankage.  The  explanation  seems  to 
be  that  the  nonaddulated  phosphate  in  the  tankage  has  been  more  favor- 
able to  the  growth  of  dover — a  fact  very  evident  on  inspection  of  the  fields — 
than  add  phosphate,  and  this  improvement  in  the  conditions  for  dover  has 
been  reflected  in  the  timothy  associated  with  it  and  in  the  com  inmiediately 
following. 

Table  2  shows  that  on  the  limed  land  nitrate  of  soda  has  been  the  most 
effective  carrier  of  nitrogen,  with  sulfate  of  ammonia  a  dose  second. 
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TABLE  1 
Comparison  of  carriers  of  nkrogon;  Woosier,  cereal  roiaJdon^  uMmed  lamd 


CROP 

Nitnteof 
loda 

SS2? 

Dried  blood 

Sulfate  of 

Taakaee 

Average  yield  per  acre* 

Com  (bushels) 

Oats  (bushels) 

Wheat  (bushels) . . , 
Clover  (pounds) . . . 
Timothy  (pounds) . 


Annual  produce  (pounds)t. 


Annual  value. 


46.77 
54.81 
27.09 
2,372 
2,969 


3,970 


»39.09 


46.68 
50.53 
25.38 
2,022 
2,772 


3,719 


«36.56 


47.42 
51.11 
23.83 
1,923 
2,730 


3,655 


$35.99 


45.79 
51.46 
24.41 
1,986 
2,740 


3,676 


«36.09 


48.43 
51.32 
26.50 
2,718 
3,491 


4^058 


$40.40 


Average  increase  per  acre 


Com  (bushels) .... 

Oats  (bushels) 

Wheat  (bushels) . . 
Clover  (pounds) . . . 
Timothy  (pounds) . 


Annual  producef. 


Annual  value. 


22.34 
24.78 
15.34 
1,281 
858 


1,702 


$18.56 


21.73 

20.94 

13.54 

965 

679 


1,462 


$16.19 


22.10 

21.74 

12.07 

844 

597 


1,390 


$15.39 


19.57 

21.73 

12.39 

842 

512 


1,360 


$14.83 


20.51 
18.84 
14.51 
1,435 
1.076 


1,565 


$17.75 


*  Average  of  17  crops  of  com,  15  of  oats,  14  of  wheat,  16  of  clover  and  12  of  timothy. 

t  The  "annual  produce,"  as  given  in  this  and  following  tables,  includes  both  grain  and 
straw  or  stover,  while  the  "annual  value"  is  computed  only  on  the  grains  and  hay,  rating 
com  at  $1.00  per  bushel,  oats  at  75  cents,  wheat  at  $2.00  and  hay  at  $20.00  per  ton.  At 
these  prices  it  is  apparently  immaterial,  in  these  experiments,  whether  wt  use  the  total 
weight  of  produce,  or  the  value  of  the  grains  and  hay,  as  the  common  denominator  for  all 
the  crops. 

THE  CEREAL  ROTATION  AT  STRONGSVILLE 

In  table  3  is  shown  the  outcome  of  this  test  at  Strongsville  for  the  25  jrears 
of  the  experiment,  1905  to  1919,  inclusive. 

The  uniformity  shown  in  the  total  3delds  in  this  test  is  probably  largely  due 
to  the  apathy  of  this  soil  toward  nitrogen  fertilization. 

In  table  4  is  shown  the  relative  effect  of  nitrogen  in  the  duplicate  experi- 
ments at  Wooster  and  Strongsville,  in  which  the  same  crops  are  grown  in 
succession,  and  plots  of  the  same  number  receive  the  same  treatment,  in 
both  kind  and  quantity  of  fertilizing  materials. 

Both  nitrogen  and  potassium  are  comparatively  ineffective  on  the  Strongs- 
ville soil. 
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THE  POTATOES-WHEAT-CLOVER  ROTATION  AT  WOOSTER 

In  the  3-yeax  rotation  of  potatoes,  wheat  and  clover  at  Wooster,  plot  20 
receives  its  nitrogen  in  nitrate  of  soda;  plot  21  in  linseed  oilmeal;  plot  23  in 
dried  blood;  plot  24  in  sulfate  of  ammonia  and  plot  33  in  tankage.  Plot  33 
was  not  included  in  this  test  until  1897,  and  therefore  the  results  are  given  in 
table  5  for  the  23  years,  1897  to  1919. 

The  application  of  lime  in  this  rotation  was  began,  in  1903  but  was  not  com- 
pleted until  1913.  It  is  not  apparent,  however,  that  the  liming  has  ma- 
terially altered  the  relative  effectiveness  of  the  different  nitrogen  carriers. 

In  this  experiment  the  natural  fertility  of  the  land  is  so  high  that  there  is 
less  margin  for  increase  from  fertilizing  than  in  the  tests  above  described. 
Repeating  the  comparison  made  in  table  4,  we  get  the  results  for  the  potato 
rotation  as  shown  in  table  6;  computed  for  the  entire  period  of  the  experiment. 


TABLE  2 
Companson  cf  carriers  cf  nUrogen;  Woaster,  cereal  rotoHon,  Umed  land 


Nitrate  of 

Linieed 
oilmeal 

Dried  blood 

Sntfateof 
ammonia 

Tankaca 

Average  yield  per  acre* 

Com  (bushels) 

Oats  (bushels) 

Wheat  (bushels)... 
Clover  (pounds) . . . 
Timothy  (pounds) . 


Annual  produce  (pounds) . 


Annual  value. 


54.64 
55.63 
30.92 
3,496 
4,596 


4,538 


$47.77 


53.98 
54.57 
28.67 
3,068 
4,039 


4,215 


$44.66 


54.06 

53.71 
28.89 
3,140 
4,057 


4,250 


$44.82 


55.35 
54.64 
30.63 
3,374 
4,365 


4,392 


$47.00 


51.42 
51.19 
27.28 
3,397 
4,381 


4,280 


$44.43 


Average  increase  per  acre 


Com  (bushels) 

Oats  (bushels) 

Wheat  (bushels)... 
Clover  (pounds) . . . 
Timothy  (pounds) . 


Annual  produce  (pounds) . 


Annual  value. 


24.85 
21.47 
15.84 
1,813 
1,569 


2,160 


$21.29 


22.98 
19.25 
12.68 
1,401 
1,045 


1,700 


$17.45 


22.50 
18.24 
13.02 
1,481 
1,051 


1,737 


$17.51 


23.03 
18.75 
14.73 
1,643 
1,224 


1,868 


$19.05 


17.81 
14.32 
11.88 
1,580 
1,154 


1,592 


$15.93 


*  Average  of  17  crops  of  com,  15  of  oats,  14  of  wheat,  16  of  clover  and  12  of  timothy. 
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TABUB3 
ComparitOH  of  canters  of  niirogm;  Sirongsvitte,  25-year  oeeragB  yidd  amd  wcrease 


NItnteof 


l/IWl  OlOOli 


Sulfate  ol 


Taikaff 


Average  yield  per  acre 


Com  (bushels) 

Oats  (bushels) 

Wheat  (bushels).... 

Clover  (pounds) 

Timothy  (pounds)*. 


Annual  produce  (pounds) . 


Annual  value. 


41.52 
52.58 
20.78 
3,052 
2,180 


3,414 


$34.94 


38.66 
53.00 
21.05 
2,895 
2,261 


3,430 


$34.41 


39.91 
53.54 
21.12 
2,951 
2,277 


3,474 


$34.92 


37.94 
54.10 
20.87 
2,892 
2,203 


3,413 


$34.24 


41.81 
51.29 
20.71 
3,004 
2,096 


3,378 


$34.54 


Average  increase  per  acre 


Com  (bushels) 

Oats  (bushels) 

Wheat  (bushels)... 
Clover  (pounds) . . . 
Timothy  (pounds) . 


Annual  produce  (pounds) . 


Annual  value. 


12.85 

14.52 

9.63 

958 

395 


1,040 


$11.31 


10.15 

12.72 

9.30 

646 

372 


922 


$9.69 


11.25 

12.95 

9.15 

706 

396 


917 


$10.06 


9.60 
14.07 

9.25 
721 
366 


918 


$9.90 


15.54 
14.71 
10.03 
1,068 
454 


1,119 


$12.37 


*  Timothy  until  1914  and  soybeans  mown  for  hay  since. 


TABLE  4 
Rdatiee  effect  of  mtrogpn  at  Woaster  and  StrongsviUe;  25^year  aeerage  value  of  increase  per  acr$ 


8 
11 


Add  phoqthate 

Add  phoq>hate  and  nitrate  of  soda 

Gain  for  nitrogen 

Add  phoq>hate  and  muiiate  of  potash 

Add  phoq>hate,  muriate  of  potash  and  nitrate  of 

soda 

Gain  for  nitrogen 


AsnuAL  Yisjom  or  i 


$7.75 
14.77 


$7.02 


$11.83 
18.14 


$6.31 


$7.69 
10.21 


$2.52 


$8.42 
11.24 


$2.82 
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TABLES 
Comparison  of  carriers  of  nitrogen;  Woosier,  potato  rotation,  23-year  average  yield  and  increase 


CAllTnit  07  IRTSOOEN 


Nitrate  of 


DriedUood    S^^Pf      Tuikw 


snuDonia 


Average  yield  per  acre 


Potatoes  (bushels) . 
Wheat  (bushels)... 
Clover  (pounds) . . . 


Annual  value. 


169.13 
37.71 
4,006 


$94. 87* 


160.45 
37.55 
3,603 


$90.53 


160.62 
36.40 
3,680 


$90.07 


161.98 
37.25 
3,658 


$91.02 


158.63 
37.26 
4,030 


$92.82 


Average  increase  per  acre 


Potatoes  (bushels) . 
Wheat  (bushels)... 
Clover  (pounds) . . . 


Annual  value. 


39.90 

11.74 

8.24 


$23.87^ 


36.76 
10.73 
4.59 


$20.94 


37.50 

11.43 

5.38 


$22.01 


39.73 

11.62 

4.97 


$22.87 


31.65 

11.35 

6.23 


$20.19 


*  Rating  potatoes  at  $1.00  a  bushel,  wheat  at  $2.00,  and  hay  at  $20.00  a  ton. 

TABLE  6 

Effect  of  nitrogen  in  potatoes-wheat<lover  rotation  at  Woosier,  ZS-year  average    value  of 

increase  per  acre 


AimVAL  VALUB 


Acid  phoq>hate 

Acid  phosphate  and  nitrate  of  soda. 
Gain  for  nitrogen 


$7.73 
12.50 


$4.77 


8 
11 


Add  phosphate  and  muriate  of  potash 

Add  phosphate,  muriate  of  potash  and  nitrate  of  soda . 
Gain  for  nitrogen 


$17.73 
19.01 


$1.28 


THE  TOBACCO-WHEAT-CLOVER  ROTATION  AT  GERICANTOWN 

At  the  southwestern  test  fann  of  the  Experiment  Station,  at  Germantown, 
Montgomery  County,  a  3-year  rotation  of  tobacco,  wheat  and  clover  has 
been  in  progress  since  1903.  In  this  experiment  certain  plots  have  received 
the  following  treatment: 

Plot 

Add  phosphate,  muriate  of  potash,  nitrate  of  soda 

Same,  with  1000  pounds  of  lime 

Add  phosphate,  muriate  of  potash,  sulfate  of  ammonia 

Same,  with  1000  potmds  of  lime 

Acid  phosphate,  muriate  of  potash,  tankage 

Same,  with  1000  pounds  of  lime 

Add  phosphate,  nitrate  of  potash,  nitrate  of  soda 


8 

26 
16 
28 
18 
29 
22 
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The  fertilizers  have  been  calculated  to  carry  30  pounds  of  phoq>horus,  75 
pounds  of  potassium  and  38  pounds  of  nitrogen  in  each  case.  On  plots  18 
and  29  all  the  nitrogen  and  the  larger  part  of  the  phosphorus  have  been  given 
in  tankage,  and  on  plot  22  all  the  potassium  and  the  larger  part  of  the  nitn^gen 
have  been  given  in  nitrate  of  potash.  The  fertilizers  have  all  been  applied  to 
the  tobacco  crop,  the  wheat  and  clover  foUowing  without  further  treatment 

The  average  3aelds  obtained  in  this  experiment  during  the  16  years,  1903- 
1918,  are  shown  in  table  7. 

These  results  indicate  a  superiority  of  nitrate  of  soda  over  sulfate  of  am- 
monia on  unlimed  land,  which  disappears  when  the  land  is  limed.    Tlie 

TABLE  7 
Comparison  ef  carriers  ef  nitrogen;  Gemutntown,  oMrage  yidds  per  acre 


CARUXKS  or  mnoGxir 


Nitiate  of     Sulfate  of 


Tankife 


Nitnteof 


Unlimed  land 


Tobacco  (pounds) . 
Wheat  (busheb)... 
Clover  (pounds) . . . 


Annual  values*. 


Plots 

1,227 
26.63 
4,416 


$93.82 


Plot  16 

1,095 
25.82 
4,149 


$85.79 


Plot  18 

960 
26.16 
4,360 


$79.97 


Plot  22 

1,131 
25.15 
3,987 


$86.61 


Limed  land 


Tobacco  (pounds) . 
Wheat  (bushels)... 
Cover  (pounds) . . . 


Annual  values*. 


Plot  26 

1,069 
27.78 
4,139 


$85.77 


Plot  28 

1,082 
28.05 
4,193 


$86.78 


Plot2P 

959 
23.96 
4,054 


$77.44 


*  Rating  tobacco  at  15  cents  a  pound;  wheat  at  $2.00  a  bushel  and  hay  at  $20.00  a  ton. 

tobacco  has  shown  a  marked  preference  for  either  of  the  other  carriers  of 
nitrogen  over  tankage,  a  preference  evident  throughout  the  growth  of  the 
crop,  but  the  wheat  and  clover  do  not  speak  so  positively  on  this  point.  It 
would  seem  that  the  tankage  becomes  available  too  slowly  for  such  a  short- 
season  crop  as  tobacco. 

The  plots  in  this  test  are  arranged  in  blocks  of  10  plots,  the  first,  fourth, 
seventh  and  tenth  plot  in  each  block  being  left  continuously  unfertilized,  and 
the  increase  due  to  the  fertilizers  is  calculated  on  the  assumption  that  varia- 
tions in  the  yields  of  consecutive  unfertilized  plots  are  due  to  progressive 
variations  in  the  soil.  By  this  method  of  calculation  the  increases  due  to  the 
separate  treatment  are  found  as  shown  in  table  8. 
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TABLES 
Comparison  of  carriers  of  mirogen;  Gertnantown,  average  increase  per  acre 


CAsuns  or  nukogkn 

CROP 

Nitnteof 
toda 

Sulfate  of 
ftnmoiiia 

Tankage 

Nitrate  of 
potash 

Increase  on  unlimed  land 


Tobacco  (pounds). 
Wheat  (bushels)... 
Clover  (pounds 


Annual  value. 


Plot  8 

656 
14.09 
1,632 

Plot  16 

623 
14.14 
1,368 

Plot  18 

506 
15.03 
1,629 

$47.63 

$45.14 

$40.75 

Plot  22 

600 
14.67 
1,509 

$44.81 


Increase  on  limed  land 


Tobacco  (pounds) . 
Wheat  (bushels)... 
Clover  (pounds) . . . 


Annual  value. 


Plot  26 

589 
17.11 
1,907 

Plot  28 

626 
17.46 
1,934 

Plot  29 

505 
13.57 
1,798 

$47.21 

$49.39 

$40.29 

TABLE  9 
Comparison  of  carriers  of  nitrogen;  annual  values  per  acre  at  Wooster  and  StrongswUe 


gXPEBIMKHT 

Nitiateof 
•oda 

Linaced 
oOmeal 

Dried  blood 

Sulfite  of 
ammonia 

Tankage 

Value  of  total  produce 

Wooster  cereal  rotation,  unlimed 

Wooster  cereal  rotation,  limed 

Wooster  Dotato  rotation 

$39.09 
47.77 
94.87 
34.94 

$36.56 
44.66 
90.53 
34.41 

$35.99 
44.82 
90.07 
34.92 

$36.09 
47.00 
91.02 
34.24 

$40.40 
44.43 
92.82 

Stl^ngSVtlle  cereal  robitinn , , 

34.54 

Average 

$54.17 

$51.29 

$51.45 

$52.09 

$53.05 

Value  of  increase 

Wooster  cereal  rotation,  unlimed 

Wooster  cereal  rotation,  limed 

Wooster  DOtato  rotation 

$18.56 
21.29 
23.87 
11.31 

$16.19 

17.45 

20.94 

9.69 

$15.39 
17.51 
22.01 
10.06 

$14.83 

19.05 

22.87 

9.90 

$17.75 
15.93 
20.19 

Stronffsvflle  cereal  rotation 

12.37 

Average 

$18.76 

$16.07 

$16.24 

$16.66 

$16.56 

Digitized  by 


Google 


494  CITA1T.KS  E.  THOSNE 

The  wheat  and  clover  show  a  larger  increase  over  the  unfertilized  3aelds  on 
the  limed  than  on  the  unlimed  land  except  on  the  tankage  plot,  where  the 
wheat  falls  behind. 

Unless  the  land  is  exceptionally  uniform,  the  comparison  of  increases,  cal- 
culated by  the  method  employed  in  these  experiments,  is  usually  more  reliable 
than  that  of  entire  produce. 

SX71CMA&Y 

In  table  9  the  annual  values  found  in  the  experiments  at  Wooster  and 
Strongsville  are  collected  for  convenient  comparison. 

These  results  show  that,  with  only  two  exceptions  in  the  forty  comparisons, 
nitrate  of  soda  has  produced  the  largest  yield,  and  this  outcome  is  supported 
by  the  results  at  Germantown,  except  on  the  limed  land,  where  the  3rields 
from  sulfate  of  ammonia  slightly  exceed  those  from  nitrate  of  soda. 
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